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ABSTRACT
Complex Mixture Analysis Using Ion Mobility Spectrometry-Mass Spectrometry
(IMS-MS) and Computational Techniques

Hossein Maleki
Compound characterization in complex mixtures has applications in diverse
areas such as the pharmaceutical, health, and petroleum industries. Measurement
problems arising from complex mixtures include the overwhelming of the analytical peak
capacity, the wide concentration range of the different analytes, and the inter-sample
concentration variability of given molecular species. Therefore advances in the rapid
identification of compounds such as improvements in peak capacity and analyte
selectivity are an active area of scientific research. This dissertation presents research
that is directed at improving these measurement areas. For petroleum samples, silver
cationization coupled with ion mobility spectrometry – tandem mass spectrometry (IMSMS/MS) is presented as a means to improve compound selectivity (sulfur-containing
molecules) and species identification. The approach showed that silver-sulfur ions
demonstrate higher mobilities compared with protonated nitrogen-containing
compounds. Furthermore, at lower m/z values, mostly elongated structures (with lower
DBE values) were favored. Conversely, more compact structures (with higher DBE
values) were favored at higher m/z values. Additionally, cyclic structures were favored
over acyclic structures and S1, S2, and S3 molecular classes were favored over other
molecular classes in sulfur-containing petroleum compounds. In separate studies,
hydrogen/deuterium exchange (HDX), hydrogen deuterium scrambling (HD scrambling),
and collision-induced dissociation (CID) were coupled with IMS-MS measurements to
assist in the characterization of metabolites, lipids, and peptides. Unique mass spectral
patterns were obtained for different classes of biological molecules upon HDX. The use
of these HDX patterns in combination with CID and collision cross section (CCS) data
were demonstrated as an aid for the identification efforts for dataset features from a
bovine heart extract sample. Lastly, HDX kinetics modeling was used to estimate the
relative abundances of sucrose conformers contributing to experimental HDX profiles.
These advances in compound identification have implications for the health and energy
industries. An example for the former is the discovery of important biomarkers
associated with disease progression. For the latter, such characterizations may help to
optimize the refining process for different petroleum samples. Future trends to improve
these new measurements are presented and discussed.
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1. Introduction: Tools Used to Enhance Compound Identification in Complex
Mixtures: Collision-Induced Dissociation (CID), Ion Mobility Spectrometry-Mass
Spectrometry (IMS-MS), Hydrogen/Deuterium Exchange, and Isotope Scrambling

1.1. Complex Mixture Analysis
Complex mixture analysis usually refers to mixtures that present enormous
challenges to analytical chemists for compound identification and characterization.
These mixtures may include metabolites, lipids, proteins, and petroleum samples. The
fields of study which deal with the analysis of these types of compounds are called
Metabolomics, Lipidomics, Proteomics, and Petroleomics, respectively. One of the
greatest challenges in ‘omics analysis is the characterization of isomeric and isobaric
compounds.1, 2
Petroleum is considered one of the most complex mixtures on earth.3,

4

Substantial efforts have been dedicated to the characterization of petroleum mixtures
because they have significant roles in the pollution of air and contamination of water
sources.5-12 One of the challenges in petroleum analysis is the presence of numerous
isomeric and isobaric compounds.1 Having a knowledge of the structural composition of
these compounds can shed light on understanding the best mechanism of catalysis
during refining processes, thereby reducing the economic cost of petroleum usage.
1

Another challenging area for analytical chemists is metabolite characterization
and quantification.13-15 Metabolomics encompasses the comprehensive characterization
of metabolites in biological mixtures. This field faces many challenges due to the great
variation of metabolites in terms of functional groups, molecular structures, molecular
masses, and concentrations. For example, based on the Human Metabolome Database
(HMD), human plasma includes numerous metabolites which contain a diverse range of
biological classes including organic acids, carbohydrates, lipids, and peptides with
different concentration levels.16, 17 Furthermore, the complexity of matrices necessitates
the application of different extraction and separation techniques. Therefore, a
combination of different extraction methods and instrumentation techniques is required
to address this complexity. Metabolite analysis also has implications for biomarker
discovery.18 Biomarkers are molecules which vary significantly in concentration during
the development and progression of diseases. For example, studies have demonstrated
that variations in metabolite profiles are associated with cancer.19,

20

Therefore,

biomarker discovery can impact the elucidation of the mechanisms of disease
development.21, 22 This may result in earlier disease diagnosis and the proposing of new
treatments for diseases. Thus, proposing new extraction and instrumentation
techniques which generate results with high reproducibility is an active area of research.

2

Lipids are a class of metabolites that also pose significant challenges for
analytical chemistry. Lipidomics is an emerging filed which includes the cumulative
methods and techniques used for lipid analysis and characterization.23-25 Lipids have
several biological functions including primary roles in cell structure, cell organization,
signaling events, and trafficking.26,

27

Analysis of lipids is highly complex due to the

combinations of polar headgroups, different positions of double bonds, and variations in
the length of lipid chains.23, 24, 28-30
1.2. Methods Used for Complex Mixture Analysis
Complementary approaches can be used to address the complexity of different
mixtures. Mass spectrometry (MS) provides invaluable information about the molecular
weight of compounds and is one of the most prevalent techniques for complex mixture
analysis.14,

31

Generally separation methods in both the liquid and gas-phase are

required to be coupled with MS to address the complexity of samples (e.g. due to the
presence of numerous isomeric and isobaric species). The most common separation
methods include gas chromatography (GC), liquid chromatography (LC), and ion
mobility spectrometry (IMS). Therefore, instrumentation methods such as liquid
chromatography-mass

spectrometry

(LC-MS)32,

33,

gas

chromatography-mass

spectrometry (GC-MS)34, and ion mobility spectrometry-mass spectrometry (IMS-MS)1,
35

are frequently employed for this purpose.
3

A variety of techniques are used for petroleum analysis including GC36, GC-MS37,
LC38, near-infrared spectroscopy (NIR)39, fluorescence spectroscopy40, nuclear
magnetic resonance (NMR)41, and X-ray scattering42 techniques. One of the most
frequently used techniques to decode the chemical mixture of petroleum is Fourier
transform-ion cyclotron resonance (FT-ICR) mass spectrometry.43 This technique
provides high resolving power and high mass accuracy required for the elucidation of
different classes of compounds in petroleum. Although FT-ICR provides m/z data with
high accuracy, it does not provide information regarding isomeric and some isobaric
species. For this purpose, methods such as LC-MS, GC-MS, and IMS-MS are used
frequently. IMS-MS is used extensively for structural characterization of petroleum
compounds.1
Different instrumentation techniques are used for the analysis of compounds in
biological mixtures including metabolites and lipids. Coupling MS to GC34, 44, LC45, 46,
and supercritical fluid chromatography (SFC)47,

48

presents significant advantages for

compound identification. Presently, the most common method for metabolite analysis is
LC-MS as it provides comprehensive compound identification for polar species.
However, this technique has some limitations including long analysis times and limited
utility of data-dependent fragmentation techniques. Moreover, biological mixtures
contain a great number of compounds with the same molecular weight (isomeric and
4

isobaric species) and thorough analysis is not possible using these chromatographic
methods. For example, the determination of the number and location of double bonds in
lipids poses a tremendous challenge.29,

30

To address these limitations, IMS-MS is

employed to enhance analytical peak capacity and enable isobaric and isomeric
characterization.49 Moreover, IMS-MS provides high-reproducible data and shortanalysis times.50 Lastly, it addresses matrix effects using mobility selection. This has the
potential for compound assignments through reducing the number of false positive and
false negative identifications. Additionally, tandem MS (MS n) can be employed in a
data-independent manner with IMS-MS to improve structural studies of compounds.51
LC can also be coupled with IMS-MS to further improve compound characterization
(i.e., LC-IMS-MS).52
1.3. IMS-MS Basics
Ion mobility spectrometry (IMS) is a gas-phase separation technique in which
gaseous ions travelling in a drift tube under the influence of a constant electric field are
separated based on differences in the numbers of collisions and interaction with the
buffer gas.53 Overall, ions are separated based on their size and charge. Helium, is
being inert, is used as a buffer gas in traditional IMS separations.51 IMS can be coupled
with MS to enhance the peak capacity of measurements.49 IMS-MS provides a twodimensional (2D) dataset of mass-to-charge (m/z) versus drift time (tD). tD is the time it
5

takes for ions to traverse the drift tube. Drift time can be translated to orientationallyaveraged collision cross section (CCS).53 CCS values are a specific physicochemical
property of the molecular ions and are very reproducible. Therefore, they can be used
as an additional tool for the characterization of compounds in complex mixtures.54, 55
This work will demonstrate that both experimental and theoretical CCS values can be
used for this purpose. The experimental CCS values of the ions can be calculated using
Equation 153:

Ω=

18𝜋 1/2
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𝑧𝑒

1

(𝑘 𝐵 𝑇)1/2 𝑚 𝑖

+

1
𝑚𝑏

𝑡 𝐷 𝐸 760
𝐿

𝑇

1

𝑃 273.2 𝑁

(1).

In Equation 1, z is the charge of the ion, e is the charge of an electron, tD is the drift
time, E is the electric field strength, T is the temperature of the buffer gas, kb is
Boltzman’s constant, mI and mB are the masses of the ion and the buffer gas
respectively, L is the length of the drift tube, P is the pressure of the buffer gas, and N is
the number density of the buffer gas at STP.
For theoretical CCS calculations, first in-silico structures are obtained using
molecular dynamics simulations (MDS), and then CCS values are calculated using
Mobcal software suite.56,

57

Comparison of theoretical CCS values of ion conformers

belonging to biological molecules with experimental CCS profiles has implications for
conformational studies.56 Additionally, matching theoretical CCS values of standard
6

compounds with experimental CCS values of unknown compounds in complex mixtures
can be used for compound identification.54 Therefore, it is beneficial to create CCS
databases for biological compounds using both experimental and theoretical methods.
1.3.1. IMS-MS Instrumentation: Linear Drift Tube Ion Mobility Spectrometry
Coupled to a Linear Ion Trap Mass Spectrometer
Coupling a traditional linear drift tube with the trapping capabilities of linear ion
trap mass spectrometers brings some advantages for complex mixture analysis.51 The
schematic of the instrument used in the studies presented throughout this work is
shown in Figure 1.1.

Fig 1.1. IMS-MS configuration in which a linear drift tube outfitted with ESI capabilities is coupled to a
linear ion trap mass spectrometer

The instrument shown here uses a nano-ESI source for the generation of
gaseous ions. Nano-ESI prevents contamination of the ion source while enhancing
ionization, which is critical for complex mixture analysis. The drift tube contains He
buffer gas and a constant electric field is applied to lenses while ions are travelling
through the drift tube. Initially ions are introduced to the desolvation region and then
7

trapped in the funnel 1 (F1) region (Figure 1.1).51 From these, pulses of ions are
released into the drift tube with a voltage drop at G1. Consequently, ions travel through
the drift tube and reach the second ion funnel (F2) region which refocuses the ions
(Figure 1.1). Ion funnels are essential to improve the focusing and duty cycle of the
measurements thereby improving the sensitivity of the instrument. Finally, ions enter the
mass spectrometer and are mass analyzed. The presence of a dual gate design
containing first and second gates (G1 and G2 in Figure 1.1) enables the collection of
drift time distributions by scanning the timing between the opening of G1 and G2.
1.3.2. Application of IMS-MS for Complex Mixture Analysis
IMS-MS is able to detect molecular features that are not detectable by MS alone.
IMS-MS has been frequently used for the characterization of compounds in complex
mixtures.1, 58 Increased peak capacity, decreased matrix effects, and the acquisition of
structural and conformational information are some advantages that have made IMSMS a popular technique for complex mixture analysis. For example, it has been shown
from 2D-plots of m/z vs tD, that different classes of biomolecules fell into specific regions
in the analytical space.54 Notably, it is possible to use different fragmentation methods
with IMS measurements.51,

59, 60

For example, there is the possibility for mobility

selection at the back of the drift tube and fragmentation of selected ions.61 Therefore, it
is possible to generate unique fragmentation patterns for specific isobars or isomers. As
8

a result, this technique complements the use of CCS in the elucidation of structural
information. Moreover, coupling experimental and theoretical CCS calculations
significantly enhances conformational studies of molecules.56 Additionally, matching
experimental and theoretical CCS values has been used for compound characterization
in complex mixtures.1 Experimental CCS values have been reported for many
biomolecules in the literature.54, 55
Numerous work has focused on developing new methods to predict CCS values
for peptides and metabolites. These attempts have implications for generating a library
of CCS values to aid in compound identification.62-69 For example, for peptides, it was
realized that the identity and sequence of peptides are significant factors affecting CCS
values.62 A recent attempt has been performed to predict CCS values for metabolites.68
In this work, different chemical properties of metabolites including polarity, functional
groups, presence of aromatic rings, and polarizability of molecules were considered as
prediction descriptors. Another example of the application of IMS-MS for complex
mixture analysis is the use of shift reagents to isolate specific classes of molecules
within 2D-plots of m/z vs tD which makes it possible to address a unique class of
molecules.70-73 In separate works, the separation of enantiomeric and diasteromeric
compounds was reported.74-77 Here, a chiral drift gas was employed in the drift tube.
Separation was possible due to different interactions of two enantiomeric species with
9

the chiral gas. IMS-MS has been used successfully for the characterization of
metabolites in human blood,16 Escherichia coli,78 rat lymph,79 and saliva80.
The application of IMS–MS in the area of lipidomics has significantly increased
over the past few years.81-83 IMS–MS presents advantages in terms of class
identification and elucidation of structural information for complex lipid samples.54
Differences in the chain length, number and location of double bounds, identity of
attached cation, and identity of polar headgroups are factors that contribute to the
separation of lipid ions using IMS-MS.
1.4. Applications of HDX Combined with IMS-MS
HDX-MS as a standalone method has applications for the structural study of
molecules including hetero-atomic compounds in petroleum, natural organic matter,
carbohydrates, nucleotides, peptides, proteins, etc.84-93 For example, Uppal et. al
implemented HDX to differentiate isomeric carbohydrate ions.94 In another HDX-MS
work, Robinson studied exchange levels for 5‘- and 3‘-nucleotide monophosphates and
the 3‘,5‘-cyclic nucleotides in negative ESI mode using FT-ICR MS.89 Additionally, Acter
and coworkers have demonstrated the utility of HDX for the speciation of nitrogencontaining compounds in petroleum samples.95 That said, to date most of the reported
HDX applications have focused on peptides and proteins.84-86 Seminal studies have
used HDX-MS to study the folding mechanisms of proteins.96,

97

Furthermore, the
10

approach has applications in studying the interactions of proteins with other
molecules.98, 99
Gas-phase HDX coupled with IMS-MS measurements holds significant potential
for the study of conformational forms of biomolecules (mostly peptides and proteins).100,
101

Early IMS-HDX-MS studies demonstrated the HDX levels for protein ion

conformers.100 These studies exhibited lower HDX uptakes for compact structures
relative to more elongated structures. Since that time, Rand and coworkers
demonstrated the application of HDX combined with traveling-wave ion mobility (TWIM)
to study proteins.102 More recently HDX combined with a linear drift tube and ion trap
mass spectrometer was used to extract site-specific deuterium incorporation at labile
sites.56
To implement HDX, a deuterium-containing gas is introduced into the drift tube.50
Upon deuterium incorporation, the mass of the ion increases by 1 Dalton. Studying the
isotopic patterns of molecular ions provides information regarding the number of sites
that are more exposed to deuterium-containing gas. That is, more accessible sites
incorporate more deuterium. D2O is one of the most prevalent gases used for HDX
studies. For experiments employing D2O, exchange occurs via a relay mechanism.103
For the relay mechanism to occur, an intermediate forms between the charge site,
another basic site, and the D2O molecule. Therefore, to a first approximation, the
11

propensity for deuterium incorporation is a function of the proximity between the charge
site and the exchange site.103 The HDX level depends on the rate of exchange at
different sites. In other words, more accessible hydrogens exchange faster than less
accessible hydrogens.
1.4.1. Hydrogen Deuterium Scrambling (HD Scrambling) as an Additional Tool to
Assist Compound Identification
Hydrogen deuterium scrambling (HD scrambling) is the rearrangement of labile
hydrogens and deuteriums after increasing the internal energy of the ions. This
phenomenon can be explained by “mobile” proton theory.104 HD scrambling is
undesirable during structural studies of biomolecules especially those of proteins.105, 106
Therefore, in order to resolve this problem for structural studies of biomolecules, new
fragmentation techniques such as electron transfer dissociation (ETD) have been
employed.51,

107

During HD scrambling, deuteriums which are more exposed to the

reagent gas D2O exchange with inner hydrogens that are less accessible to the D2O.
Thus, newly generated labile hydrogen sites can exchange again.50 As a result, the
overall HDX level increases after scrambling of ions. In general, HD scrambling
depends on factors such as charge location on the ions and the structure of the
molecules. Therefore, HD scrambling is a unique property of the chemical makeup and
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the structure of the ion that is produced. As a result, it can be used as an additional tool
for the characterization of compounds in complex mixtures.
1.5. Application of Fragmentation Techniques for Complex Mixture Analysis
Ion trap mass spectrometry has unique characteristics such as mass analysis
and tandem mass spectrometry (MS/MS) capabilities, which makes it suitable for
complex mixture analysis.108, 109 MS/MS is a very common method for ‘omics analysis
that provides useful information.110 Numerous MS/MS techniques can be implemented
in ion traps including collision-induced dissociation (CID)111,

112,

electron transfer

dissociation (ETD)113, 114, electron capture dissociation (ECD)115, electron detachment
dissociation (EDD)116, blackbody infrared radiative dissociation (BIRD)117, and others.
Generally, to identify compounds in complex mixtures, fragmentation methods
are coupled with IMS-MS51 and LC-MS118 analyses. CID is the most common
fragmentation method for the analysis of metabolites and lipids.50, 119 For CID operation,
mass-selected precursor ions encounter energizing collisions with a buffer gas (He,
CO2). Consequently, the vibrational energy of the ion increases. Eventually, molecules
dissociate at bonds that have the lowest dissociation energies. For example, single
bonds cleave more readily than double bonds. Such considerations have promoted the
generation of CID spectra for metabolite standards in order to aid metabolite
identifications.120 Comparisons of the CID spectra of unknown compounds in a complex
13

mixture with the CID spectra of known metabolites has been used for this purpose. For
peptide characterization, CID usually generates b- and y-type fragment ions.121 For
fragmentation techniques used in LC-MS/MS analyses, fragment ions can be correlated
to precursor ions at specific retention time values. However, variations in pressure and
mobile phase composition can introduce significant errors for LC-MS analysis. To
mitigate against such challenges, fragmentation techniques inside the drift tube (IMSCID-MS) have been previously implemented for complex mixture analysis.49
With regard to HDX studies, CID usually causes isotope scrambling which is not
desired for structural studies of biomolecules especially proteins.105 To address this
problem, other fragmentation techniques have been proposed. These techniques
include ECD and ETD. McLafferty and coworkers first employed FT-ICR MS to
implement ECD for fragmentation of peptides and proteins.122 For ECD experiments
using FT-ICR MS, voltage used on the cathode generates thermal electrons that can
react with peptide cations after trapping in the ICR cell. Consequently, electron capture
by such ions causes dissociation. Dissimilar to CID techniques that generate b- and ytype ions for peptides, ECD produces c- and z-type ions upon dissociation of peptide
ions. Unlike ECD that uses the low pressure conditions of an ICR cell, ETD can be
implemented with high- pressure mass analyzers such as linear ion traps.114 For ETD to
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occur, electrons are transferred from reagent anions and result in the generation of the
characteristic c- and z-type ions.
1.5.1. CID
CID is the most frequently used method for tandem mass spectrometry analysis.
For operation of CID, ions are accelerated in the presence of a neutral gas (for example
He), and consequently undergo numerous collisions with the buffer gas. A portion of the
high kinetic energy gained by ion collisions is converted into the internal energy of the
ions. The net result is an increase in the vibrational energy of the ion and eventually the
cleavage of the weakest chemical bonds. The resulting fragmentation pattern depends
on the chemical structure (functional groups) of the molecules and can be used as a
fingerprint for compound identification. Bond dissociation in CID may occur through both
homolytic and heterolytic cleavages. In homolytic fragmentation each fragment ion
receives one electron from a covalent bond. In heterolytic fragmentation, both electrons
from a covalent bond transfer to just one of the fragment ions after severing of the bond.
CID has been used frequently for the sequencing of peptides in proteomics
applications.112 Furthermore, it has been employed in combination with other techniques
to aid in the characterization of small molecules including metabolites and lipids.30, 50, 123125

Interpretation of fragmentation patterns for small molecules is more challenging than

for peptides. Small molecules are more diverse than peptides in terms of functional
15

groups and structural motifs. Structural rearrangements during dissociation in small
molecules makes interpretation of CID spectra even more challenging.126 For example,
McLafferty rearrangement is frequently observed in the CID spectra of small
molecules.127 In this rearrangement, a molecule which contains a keto-group
experiences β-cleavage, with the acceptance of a γ-hydrogen atom. The internal energy
of the molecular ion and the kinetics of dissociation are two important factors that
influence CID fragmentation patterns. Fast CID processes are desirable. This prevents
fragmentation of metastable ions during traveling to the detector. Because of this, low
and high-energy CID are used which may result in distinct fragmentation patterns.
1.6. HDX Kinetics Modeling
Over the last two decades, new analytical prediction tools have been established
based on molecular ion structures. These efforts include the development of methods to
predict CCS values and the gas phase HDX behavior of ions.62,

68

Having the HDX

patterns for different classes of metabolites facilitates identification of these compounds
in complex mixtures.50 Providing a library of the experimental HDX patterns is time
intensive and expensive. Therefore, efforts to discover new HDX prediction methods are
worthwhile. Valentine et.al have reported new algorithm to predict the HDX behavior of
peptides.128 They used hydrogen accessibility scoring (HAS) which relies on an ionneutral collision model to predict HDX patterns. In this work, efforts were directed at
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gaining insights into the peptide ion conformers mostly contribute the most to the
observed HDX behavior. In the workflow, first molecular dynamics (MD) simulations
were performed on select peptide ions. Second, conformers which best match with
experimental CCS values were selected to use for HDX kinetics modeling. For the HAS
algorithm, the surface accessibility of exchange sites on ion conformers is a crucial
parameter to consider for accurate HDX prediction. That is, more exposed labile
hydrogens exchange more rapidly than buried hetero-atom hydrogens. Another factor
considered by the algorithm was the inverse distance between charge sites and less
basic sites (e.g. carbonyl). As mentioned above, for HDX experiments which employ
D2O as a reagent gas, exchange proceeds through a relay mechanism.103 Therefore,
the proximity of the charge site to the exchange site is critical for HDX to proceed. Using
this method, the HDX contributions from each site for each of conformers were
determined. Then the overall exchange was computed for each conformer. Finally, nonequilibrium linear regression approach was employed to find the best-fit HDX
distribution based on combinations of different conformers.
For the HDX kinetics modeling reported in this dissertation, the modeling was
performed on sucrose anions. Notably, sucrose has different deprotonation locations.
Two deprotonation sites were considered for HDX kinetics modeling. Simulated
Annealing was first employed to find conformers which best match with experimental
17

CCS profiles. Typically, 1000 energy-minimized structures were obtained from
Simulated Annealing and their CCS values were calculated. A modified HAS scoring
method was used to perform HDX kinetics modeling for sucrose. In this method, the
distance between the charge site and the basic site was still considered an important
factor contributing to HDX kinetics. However, the surface accessibility was not
considered due to the fact that all –OH groups in sucrose are equally exposed to D2O.
To narrow down the number of selected conformers, a new accessibility factor was
introduced. The factor takes into account the propensity of hydrogen bond formation
between the charge site and the exchange site and also the possibility that intramolecular rotation locates the charge site in proximity to the exchange site.

18

1.7. References
1.
Maleki, H.; Kondalaji, S. G.; Khakinejad, M.; Valentine, S. J., Structural Assignments of SulfurContaining Compounds in Crude Oil Using Ion Mobility Spectrometry-Mass Spectrometry. Energy & Fuels
2016, 30 (11), 9150-9161.
2.
Zacek, P.; Bukowski, M.; Rosenberger, T. A.; Picklo, M., Quantitation of isobaric
phosphatidylcholine species in human plasma using a hybrid quadrupole linear ion-trap mass
spectrometer. Journal of Lipid Research 2016, 57 (12), 2225-2234.
3.
Marshall, A. G.; Rodgers, R. P., Petroleomics: The Next Grand Challenge for Chemical Analysis.
Acc. Chem. Res. 2004, 37 (1), 53-59.
4.
Marshall, A. G.; Rodgers, R. P., Petroleomics: Chemistry of the underworld. Proceedings of the
National Academy of Sciences of the United States of America 2008, 105 (47), 18090-18095.
5.
Hsu, C. S.; Dechert, G. J.; Robbins, W. K.; Fukuda, E. K., Naphthenic acids in crude oils
characterized by mass spectrometry. Energy & Fuels 2000, 14 (1), 217-223.
6.
Barrow, M. P.; McDonnell, L. A.; Feng, X. D.; Walker, J.; Derrick, P. J., Determination of the
nature of naphthenic acids present in crude oils using nanospray Fourier transform ion cyclotron
resonance mass spectrometry: The continued battle against corrosion. Analytical Chemistry 2003, 75 (4),
860-866.
7.
Li, S.-m.; Pang, X.-q.; Jin, Z.-j.; Li, M.-w., Characteristics of NSO compounds in sediment and their
geochemical significance. Diqiu Huaxue 2001, 30 (4), 347-352.
8.
Lienemann, C. P.; Dreyfus, S.; Pecheyran, C.; Donard, O. F. X., Trace metal analysis in petroleum
products: sample introduction evaluation in ICP-OES and comparison with an ICP-MS approach. Oil Gas
Sci. Technol 2007, 62 (1), 69-77.
9.
Qian, K. N.; Robbins, W. K.; Hughey, C. A.; Cooper, H. J.; Rodgers, R. P.; Marshall, A. G.,
Resolution and identification of elemental compositions for more than 3000 crude acids in heavy
petroleum by negative-ion microelectrospray high-field Fourier transform ion cyclotron resonance mass
spectrometry. Energy & Fuels 2001, 15 (6), 1505-1511.
10.
Shi, Q.; Zhao, S.; Xu, Z.; Chung, K. H.; Zhang, Y.; Xu, C., Distribution of acids and neutral nitrogen
compounds in a Chinese crude oil and its fractions: characterized by negative-ion electrospray ionization
Fourier transform ion cyclotron resonance mass spectrometry. Energy Fuels 2010, 24 (7), 4005-4011.
11.
Purcell, J. M.; Rodgers, R. P.; Hendrickson, C. L.; Marshall, A. G., Speciation of nitrogen
containing aromatics by atmospheric pressure photoionization or electrospray ionization Fourier
transform ion cyclotron resonance mass spectrometry. J. Am. Soc. Mass Spectrom. 2007, 18 (7), 12651273.
12.
Rodgers, R. P.; Hughey, C. A.; Hendrickson, C. L.; Marshall, A. G. In Advanced characterization of
petroleum crude and products by high-field Fourier Transform ion-cyclotron resonance mass
spectrometry, American Chemical Society: 2002; pp FUEL-087.
13.
Kotera, M.; McDonald, A. G.; Boyce, S.; Tipton, K. F., Functional Group and Substructure
Searching as a Tool in Metabolomics. Plos One 2008, 3 (2).
14.
Dettmer, K.; Aronov, P. A.; Hammock, B. D., Mass spectrometry-based metabolomics. Mass
Spectrometry Reviews 2007, 26 (1), 51-78.
15.
Mirnaghi, F. S.; Caudy, A. A., Challenges of analyzing different classes of metabolites by a single
analytical method. Bioanalysis 2014, 6 (24), 3393-3416.
16.
Dwivedi, P.; Schultz, A. J.; Hill, H. H., Metabolic profiling of human blood by high-resolution ion
mobility mass spectrometry (IM-MS). International Journal of Mass Spectrometry 2010, 298 (1-3), 78-90.
17.
Wishart, D. S.; Tzur, D.; Knox, C.; Eisner, R.; Guo, A. C.; Young, N.; Cheng, D.; Jewell, K.; Arndt, D.;
Sawhney, S.; Fung, C.; Nikolai, L.; Lewis, M.; Coutouly, M. A.; Forsythe, I.; Tang, P.; Shrivastava, S.;
Jeroncic, K.; Stothard, P.; Amegbey, G.; Block, D.; Hau, D. D.; Wagner, J.; Miniaci, J.; Clements, M.;
19

Gebremedhin, M.; Guo, N.; Zhang, Y.; Duggan, G. E.; MacInnis, G. D.; Weljie, A. M.; Dowlatabadi, R.;
Bamforth, F.; Clive, D.; Greiner, R.; Li, L.; Marrie, T.; Sykes, B. D.; Vogel, H. J.; Querengesser, L., HMDB:
the human metabolome database. Nucleic Acids Research 2007, 35, D521-D526.
18.
Welthagen, W.; Shellie, R. A.; Spranger, J.; Ristow, M.; Zimmermann, R.; Fiehn, O.,
Comprehensive two-dimensional gas chromatography-time-of-flight mass spectrometry (GC x GC-TOF)
for high resolution metabolomics: biomarker discovery on spleen tissue extracts of obese NZO
compared to lean C57BL/6 mice. Metabolomics 2005, 1 (1), 65-73.
19.
Lee, S. H.; Kim, S. O.; Lee, H. D.; Chung, B. C., Estrogens and polyamines in breast cancer: their
profiles and values in disease staging. Cancer Letters 1998, 133 (1), 47-56.
20.
van Ravenzwaay, B.; Cunha, G. C.; Fabian, E.; Herold, M.; Kamp, H.; Krennrich, G.; Krotzky, A.;
Leibold, E.; Looser, R.; Mellert, W.; Prokoudine, A.; Strauss, V.; Trethewey, R.; Walk, T.; Wiemer, J., The
Use of Metabolomics in Cancer Research. 2010; p 141-166.
21.
Wang, K.; Lee, I.; Carlson, G.; Hood, L.; Galas, D., Systems biology and the discovery of diagnostic
biomarkers. Disease Markers 2010, 28 (4), 199-207.
22.
Peng, B.; Li, H.; Peng, X. X., Functional metabolomics: from biomarker discovery to metabolome
reprogramming. Protein & Cell 2015, 6 (9), 628-637.
23.
Khalil, M. B.; Hou, W. M.; Zhou, H.; Elisma, F.; Swayne, L. A.; Blanchard, A. P.; Yao, Z. M.;
Bennett, S. A. L.; Figeys, D., LIPIDOMICS ERA: ACCOMPLISHMENTS AND CHALLENGES. Mass
Spectrometry Reviews 2010, 29 (6), 877-929.
24.
Carrasco-Pancorbo, A.; Navas-Iglesias, N.; Cuadros-Rodriguez, L., From lipid analysis towards
lipidomics, a new challenge for the analytical chemistry of the 21st century. Part 1: Modern lipid
analysis. Trac-Trends in Analytical Chemistry 2009, 28 (3), 263-278.
25.
Navas-Iglesias, N.; Carrasco-Pancorbo, A.; Cuadros-Rodriguez, L., From lipids analysis towards
lipidomics, a new challenge for the analytical chemistry of the 21st century. Part II: Analytical lipidomics.
Trac-Trends in Analytical Chemistry 2009, 28 (4), 393-403.
26.
Brown, D. A.; London, E., Functions of lipid rafts in biological membranes. Annual Review of Cell
and Developmental Biology 1998, 14, 111-136.
27.
Ile, K. E.; Schaaf, G.; Bankaitis, V. A., Phosphatidylinositol transfer proteins and cellular
nanoreactors for lipid signaling. Nature Chemical Biology 2006, 2 (11), 576-583.
28.
Murphy, R. C.; Gaskell, S. J., New Applications of Mass Spectrometry in Lipid Analysis. Journal of
Biological Chemistry 2011, 286 (29), 25427-25433.
29.
Thomas, M. C.; Mitchell, T. W.; Harman, D. G.; Deeley, J. M.; Murphy, R. C.; Blanksby, S. J.,
Elucidation of double bond position in unsaturated lipids by ozone electrospray ionization mass
spectrometry. Analytical Chemistry 2007, 79 (13), 5013-5022.
30.
Thomas, M. C.; Mitchell, T. W.; Blanksby, S. J., Online Ozonolysis Methods for the Determination
of Double Bond Position in Unsaturated Lipids. In Lipidomics: Vol 1: Methods and Protocols, Armstrong,
D., Ed. 2009; Vol. 579, pp 413-441.
31.
Angel, T. E.; Aryal, U. K.; Hengel, S. M.; Baker, E. S.; Kelly, R. T.; Robinson, E. W.; Smith, R. D.,
Mass spectrometry-based proteomics: existing capabilities and future directions. Chemical Society
Reviews 2012, 41 (10), 3912-3928.
32.
Dai, W. D.; Yin, P. Y.; Zeng, Z. D.; Kong, H. W.; Tong, H. W.; Xu, Z. L.; Lu, X.; Lehmann, R.; Xu, G.
W., Nontargeted Modification-Specific Metabolomics Study Based on Liquid Chromatography HighResolution Mass Spectrometry. Analytical Chemistry 2014, 86 (18), 9146-9153.
33.
Forcisi, S.; Moritz, F.; Kanawati, B.; Tziotis, D.; Lehmann, R.; Schmitt-Kopplin, P., Liquid
chromatography-mass spectrometry in metabolomics research: Mass analyzers in ultra high pressure
liquid chromatography coupling. Journal of Chromatography A 2013, 1292, 51-65.
34.
Garcia, A.; Barbas, C., Gas Chromatography-Mass Spectrometry (GC-MS)-Based Metabolomics.
Metabolic Profiling: Methods and Protocols 2011, 708, 191-204.
20

35.
Fenn, L. S.; Kliman, M.; Mahsut, A.; Zhao, S. R.; McLean, J. A., Characterizing ion mobility-mass
spectrometry conformation space for the analysis of complex biological samples. Analytical and
Bioanalytical Chemistry 2009, 394 (1), 235-244.
36.
Stumpf, Á.; Tolvaj, K.; Juhász, M., Detailed analysis of sulfur compounds in gasoline range
petroleum products with high-resolution gas chromatography–atomic emission detection using groupselective chemical treatment. Journal of Chromatography A 1998, 819 (1), 67-74.
37.
Zhu, S. K.; Zhang, W. F.; Dai, W.; Tong, T.; Guo, P. F.; He, S.; Chang, Z. Y.; Gao, X. B., A simple
model for separation prediction of comprehensive two-dimensional gas chromatography and its
applications in petroleum analysis. ANALYTICAL METHODS 2014, 6 (8), 2608-2620.
38.
Qiang, D. M.; Lu, W. Z., Hydrocarbon group-type analysis of high boiling petroleum distillates by
HPLC. Journal of Petroleum Science and Engineering 1999, 22 (1-3), 31-36.
39.
Chung, H.; Choi, H. J.; Ku, M. S., Rapid identification of petroleum products by near-infrared
spectroscopy. Bulletin of the Korean Chemical Society 1999, 20 (9), 1021-1025.
40.
Steffens, J.; Landulfo, E.; Courrol, L. C.; Guardani, R., Application of Fluorescence to the Study of
Crude Petroleum. Journal of Fluorescence 2011, 21 (3), 859-864.
41.
Gillet, S.; Rubini, P.; Delpuech, J.-J.; Escalier, J.-C.; Valentin, P., Quantitative carbon-13 and
proton nuclear magnetic resonance spectroscopy of crude oil and petroleum products. I. Some rules for
obtaining a set of reliable structural parameters. Fuel 1981, 60 (3), 221-225.
42.
Espinat, D.; Ravey, J. C. In Colloidal Structure of Asphaltene Solutions and Heavy-Oil Fractions
Studied by Small-Angle Neutron and X-Ray Scattering, 1993.
43.
Qian, K.; Rodgers, R. P.; Hendrickson, C. L.; Emmett, M. R.; Marshall, A. G., Reading chemical fine
print: Resolution and identification of 3000 nitrogen-containing aromatic compounds from a single
electrospray ionization Fourier transform ion cyclotron resonance mass spectrum of heavy petroleum
crude oil. ENERGY & FUELS 2001, 15 (2), 492-498.
44.
Kim, S.; Zhang, X., Discovery of false identification using similarity difference in GC-MS-based
metabolomics. Journal of Chemometrics 2015, 29 (2), 80-86.
45.
t'Kindt, R.; Van Bocxlaer, J., LC-MS BASED METABOLOMICS. 2009; p 39-73.
46.
Becker, S.; Kortz, L.; Helmschrodt, C.; Thiery, J.; Ceglarek, U., LC-MS-based metabolomics in the
clinical laboratory. Journal of Chromatography B-Analytical Technologies in the Biomedical and Life
Sciences 2012, 883, 68-75.
47.
Bamba, T.; Lee, J. W.; Matsubara, A.; Fukusaki, E., Metabolic profiling of lipids by supercritical
fluid chromatography/mass spectrometry. Journal of Chromatography A 2012, 1250, 212-219.
48.
Lee, J. W.; Uchikata, T.; Matsubara, A.; Nakamura, T.; Fukusaki, E.; Bamba, T., Application of
supercritical fluid chromatography/mass spectrometry to lipid profiling of soybean. Journal of Bioscience
and Bioengineering 2012, 113 (2), 262-268.
49.
Li, Z.; Valentine, S. J.; Clemmer, D. E., Complexation of Amino Compounds by 18C6 Improves
Selectivity by IMS-IMS-MS: Application to Petroleum Characterization. Journal of the American Society
for Mass Spectrometry 2011, 22 (5), 817-827.
50.
Hossein Maleki, M. M. M., Nima Ronaghi, Stephen .J Valentine, Ion mobility,
hydrogen/deuterium exchange, and isotope scrambling: Tools to aid compound identification in ‘omics
mixtures. Analytical Chemistry 2017, DOI: 10.1021/acs.analchem.7b00075.
51.
Donohoe, G. C.; Maleki, H.; Arndt, J. R.; Khakinejad, M.; Yi, J. H.; McBride, C.; Nurkiewicz, T. R.;
Valentine, S. J., A New Ion Mobility-Linear Ion Trap Instrument for Complex Mixture Analysis. Analytical
Chemistry 2014, 86 (16), 8121-8128.
52.
Crowell, K. L.; Slysz, G. W.; Baker, E. S.; LaMarche, B. L.; Monroe, M. E.; Ibrahim, Y. M.; Payne, S.
H.; Anderson, G. A.; Smith, R. D., LC-IMS-MS Feature Finder: detecting multidimensional liquid
chromatography, ion mobility and mass spectrometry features in complex datasets. Bioinformatics
2013, 29 (21), 2804-2805.
21

53.
Mason, E. A.; McDaniel, E. W., Transport properties of ions in gases. Wiley-VCH; 99 edition: New
York, 1988.
54.
May, J. C.; Goodwin, C. R.; Lareau, N. M.; Leaptrot, K. L.; Morris, C. B.; Kurulugama, R. T.;
Mordehai, A.; Klein, C.; Barry, W.; Darland, E.; Overney, G.; Imatani, K.; Stafford, G. C.; Fjeldsted, J. C.;
McLean, J. A., Conformational Ordering of Biomolecules in the Gas Phase: Nitrogen Collision Cross
Sections Measured on a Prototype High Resolution Drift Tube Ion Mobility-Mass Spectrometer.
Analytical Chemistry 2014, 86 (4), 2107-2116.
55.
May, J. C.; Morris, C. B.; McLean, J. A., Ion Mobility Collision Cross Section Compendium.
Analytical Chemistry 2017, 89 (2), 1032-1044.
56.
Khakinejad, M.; Kondalaji, S. G.; Maleki, H.; Arndt, J. R.; Donohoe, G. C.; Valentine, S. J.,
Combining Ion Mobility Spectrometry with Hydrogen-Deuterium Exchange and Top-Down MS for
Peptide Ion Structure Analysis. Journal of the American Society for Mass Spectrometry 2014, 25 (12),
2103-2115.
57.
Tao, L.; Dahl, D. B.; Perez, L. M.; Russell, D. H., The Contributions of Molecular Framework to IMS
Collision Cross-Sections of Gas-phase Peptide Ions. Journal of the American Society for Mass
Spectrometry 2009, 20 (9), 1593-1602.
58.
Hossein Maleki, M. M. M., Nima Ronaghi, Stephen .J Valentine, Ion mobility,
hydrogen/deuterium exchange, and isotope scrambling: Tools to aid compound identification in ‘omics
mixtures. Analytical Chemistry 2017.
59.
Gaye, M. M.; Kurulugama, R.; Clemmer, D. E., Investigating carbohydrate isomers by IMS-CIDIMS-MS: precursor and fragment ion cross-sections. Analyst 2015, 14 (20), 6922-6932.
60.
Kim, T. Y.; Valentine, S. J.; Clemmer, D. E.; Reilly, J. P., Gas-Phase Conformation-Specific
Photofragmentation of Proline-Containing Peptide Ions. Journal of the American Society for Mass
Spectrometry 2010, 21 (8), 1455-1465.
61.
Valentine, S. J.; Koeniger, S. L.; Clemmer, D. E., A split-field drift tube for separation and efficient
fragmentation of biomolecular ions. Analytical Chemistry 2003, 75 (22), 6202-6208.
62.
Valentine, S. J.; Counterman, A. E.; Clemmer, D. E., A database of 660 peptide ion cross sections:
Use of intrinsic size parameters for bona fide predictions of cross sections. Journal of the American
Society for Mass Spectrometry 1999, 10 (11), 1188-1211.
63.
Valentine, S. J.; Counterman, A. E.; Hoaglund-Hyzer, C. S.; Clemmer, D. E., Intrinsic amino acid
size parameters from a series of 113 lysine-terminated tryptic digest peptide ions. Journal of Physical
Chemistry B 1999, 103 (8), 1203-1207.
64.
Shvartsburg, A. A.; Siu, K. W. M.; Clemmer, D. E., Prediction of peptide ion mobilities via a priori
calculations from intrinsic size parameters of amino acid residues. Journal of the American Society for
Mass Spectrometry 2001, 12 (8), 885-888.
65.
Hilderbrand, A. E.; Clemmer, D. E., Determination of sequence-specific intrinsic size parameters
from cross sections for 162 tripeptides. Journal of Physical Chemistry B 2005, 109 (23), 11802-11809.
66.
Li, Z. Y.; Dilger, J. M.; Pejaver, V.; Smiley, D.; Arnold, R. J.; Mooney, S. D.; Mukhopadhyay, S.;
Radivojac, P.; Clemmer, D. E., Intrinsic size parameters for palmitoylated and carboxyamidomethylated
peptides. International Journal of Mass Spectrometry 2014, 368, 6-14.
67.
Kaszycki, J. L.; Shvartsburg, A. A., A Priori Intrinsic PTM Size Parameters for Predicting the Ion
Mobilities of Modified Peptides. Journal of the American Society for Mass Spectrometry 2017, 28 (2),
294-302.
68.
Zhou, Z. W.; Shen, X. T.; Tu, J.; Zhu, Z. J., Large-Scale Prediction of Collision Cross-Section Values
for Metabolites in Ion Mobility-Mass Spectrometry. Analytical Chemistry 2016, 88 (22), 11084-11091.
69.
Bijlsma, L.; Bade, R.; Celma, A.; Mullin, L.; Cleland, G.; Stead, S.; Hernandez, F.; Sancho, J. V.,
Prediction of Collision Cross-Section Values for Small Molecules: Application to Pesticide Residue
Analysis. Analytical Chemistry 2017, 89 (12), 6583-6589.
22

70.
Howdle, M. D.; Eckers, C.; Laures, A. M. F.; Creaser, C. S., The Use of Shift Reagents in Ion
Mobility-Mass Spectrometry: Studies on the Complexation of an Active Pharmaceutical Ingredient with
Polyethylene Glycol Excipients. Journal of the American Society for Mass Spectrometry 2009, 20 (1), 1-9.
71.
Bohrer, B. C.; Clemmer, D. E., Shift Reagents for Multidimensional Ion Mobility SpectrometryMass Spectrometry Analysis of Complex Peptide Mixtures: Evaluation of 18-Crown-6 Ether Complexes.
Analytical Chemistry 2011, 83 (13), 5377-5385.
72.
Hilderbrand, A. E.; Myung, S.; Clemmer, D. E., Exploring crown ethers as shift reagents for ion
mobility spectrometry. Analytical Chemistry 2006, 78 (19), 6792-6800.
73.
Fernandez-Maestre, R.; Meza-Morelos, D.; Wu, C., Shift reagents in ion mobility spectrometry:
the effect of the number of interaction sites, size and interaction energies on the mobilities of valinol
and ethanolamine. Journal of Mass Spectrometry 2016, 51 (5), 378-383.
74.
Dwivedi, P.; Wu, C.; Matz, L. M.; Clowers, B. H.; Siems, W. F.; Hill, H. H., Gas-phase chiral
separations by ion mobility spectrometry. Analytical Chemistry 2006, 78 (24), 8200-8206.
75.
Mie, A.; Jornten-Karlsson, M.; Axelsson, B. O.; Ray, A.; Reimann, C. T., Enantiomer separation of
amino acids by complexation with chiral reference compounds and high-field asymmetric waveform ion
mobility spectrometry: Preliminary results and possible limitations. Analytical Chemistry 2007, 79 (7),
2850-2858.
76.
Domalain, V.; Hubert-Roux, M.; Tognetti, V.; Joubert, L.; Lange, C. M.; Rouden, J.; Afonso, C.,
Enantiomeric differentiation of aromatic amino acids using traveling wave ion mobility-mass
spectrometry. Chemical Science 2014, 5 (8), 3234-3239.
77.
Yu, X. Y.; Yao, Z. P., Chiral differentiation of amino acids through binuclear copper bound
tetramers by ion mobility mass spectrometry. Analytica Chimica Acta 2017, 981, 62-70.
78.
Dwivedi, P.; Puzon, G.; Tam, M.; Langlais, D.; Jackson, S.; Kaplan, K.; Siems, W. F.; Schultz, A. J.;
Xun, L. Y.; Woodsd, A.; Hill, H. H., Metabolic profiling of Escherichia coli by ion mobility-mass
spectrometry with MALDI ion source. Journal of Mass Spectrometry 2010, 45 (12), 1383-1393.
79.
Kaplan, K.; Dwivedi, P.; Davidson, S.; Yang, Q.; Tso, P.; Siems, W.; Hill, H. H., Monitoring Dynamic
Changes in Lymph Metabolome of Fasting and Fed Rats by Electrospray Ionization-Ion Mobility Mass
Spectrometry (ESI-IMMS). Analytical Chemistry 2009, 81 (19), 7944-7953.
80.
Paglia, G.; Williams, J. P.; Menikarachchi, L.; Thompson, J. W.; Tyldesley-Worster, R.;
Halldorsson, S.; Rolfsson, O.; Moseley, A.; Grant, D.; Langridge, J.; Palsson, B. O.; Astarita, G., Ion
Mobility Derived Collision Cross Sections to Support Metabolomics Applications. Analytical Chemistry
2014, 86 (8), 3985-3993.
81.
Paglia, G.; Kliman, M.; Claude, E.; Geromanos, S.; Astarita, G., Applications of ion-mobility mass
spectrometry for lipid analysis. Analytical and Bioanalytical Chemistry 2015, 407 (17), 4995-5007.
82.
Astarita, G.; Paglia, G.; Yu, K., Ion-Mobility Mass Spectrometry in Metabolomics and Lipidomics.
Lc Gc Europe 2015, 28 (9), 520-+.
83.
Pacini, T.; Fu, W. Q.; Gudmundsson, S.; Chiaravalle, A. E.; Brynjolfson, S.; Palsson, B. O.; Astarita,
G.; Paglia, G., Multidimensional Analytical Approach Based on UHPLC-UV-Ion Mobility-MS for the
Screening of Natural Pigments. Analytical Chemistry 2015, 87 (5), 2593-2599.
84.
Winger, B. E.; Lightwahl, K. J.; Rockwood, A. L.; Smith, R. D., PROBING QUALITATIVE
CONFORMATION DIFFERENCES OF MULTIPLY PROTONATED GAS-PHASE PROTEINS VIA H/D ISOTOPIC
EXCHANGE WITH D2O. Journal of the American Chemical Society 1992, 114 (14), 5897-5898.
85.
Freitas, M. A.; Hendrickson, C. L.; Emmett, M. R.; Marshall, A. G., Gas-phase bovine ubiquitin
cation conformations resolved by gas-phase hydrogen/deuterium exchange rate and extent.
International Journal of Mass Spectrometry 1999, 185, 565-575.
86.
Suckau, D.; Shi, Y.; Beu, S. C.; Senko, M. W.; Quinn, J. P.; Wampler, F. M.; McLafferty, F. W.,
COEXISTING STABLE CONFORMATIONS OF GASEOUS PROTEIN IONS. Proceedings of the National
Academy of Sciences of the United States of America 1993, 90 (3), 790-793.
23

87.
Evans, S. E.; Lueck, N.; Marzluff, E. M., Gas phase hydrogen/deuterium exchange of proteins in
an ion trap mass spectrometer. International Journal of Mass Spectrometry 2003, 222 (1-3), 175-187.
88.
Chipuk, J. E.; Brodbelt, J. S., Investigation of the gas-phase hydrogen/deuterium exchange
behavior of aromatic dicarboxylic acids in a quadrupole ion trap. International Journal of Mass
Spectrometry 2007, 267 (1-3), 98-108.
89.
Robinson, J. M.; Greig, M. J.; Griffey, R. H.; Mohan, V.; Laude, D. A., Hydrogen/deuterium
exchange of nucleotides in the gas phase. Analytical Chemistry 1998, 70 (17), 3566-3571.
90.
Freitas, M. A.; Shi, S. D. H.; Hendrickson, C. L.; Marshall, A. G., Gas-phase RNA and DNA ions. 1.
H/D exchange of the M-H (-) anions of nucleoside 5 '-monophosphates (GMP, dGMP, AMP, dAMP, CMP,
dCMP, UMP, dTMP), ribose 5-monophosphate, and 2-deoxyribose 5-monophosphate with D2O and D2S.
Journal of the American Chemical Society 1998, 120 (39), 10187-10193.
91.
Tian, Z. X.; Lis, L.; Kass, S. R., Hydrogen-deuterium exchange and selective labeling of
deprotonated amino acids and peptides in the gas phase. Journal of the American Chemical Society
2008, 130 (1), 8-+.
92.
Pan, J. X.; Heath, B. L.; Jockusch, R. A.; Konermann, L., Structural Interrogation of Electrosprayed
Peptide Ions by Gas-Phase H/D Exchange and Electron Capture Dissociation Mass Spectrometry.
Analytical Chemistry 2012, 84 (1), 373-378.
93.
Gucinski, A. C.; Somogyi, A.; Chamot-Rooke, J.; Wysocki, V. H., Separation and Identification of
Structural Isomers by Quadrupole Collision-Induced Dissociation-Hydrogen/Deuterium ExchangeInfrared Multiphoton Dissociation (QCID-HDX-IRMPD). Journal of the American Society for Mass
Spectrometry 2010, 21 (8), 1329-1338.
94.
Uppal, S. S.; Beasley, S. E.; Scian, M.; Guttman, M., Gas-Phase Hydrogen/Deuterium Exchange
for Distinguishing Isomeric Carbohydrate Ions. Analytical Chemistry 2017, 89 (8), 4737-4742.
95.
Acter, T.; Kim, D.; Ahmed, A.; Jin, J. M.; Yim, U. H.; Shim, W. J.; Kim, Y. H.; Kim, S., Optimization
and application of atmospheric pressure chemical and photoionization hydrogen-deuterium exchange
mass spectrometry for speciation of oxygen-containing compounds. Analytical and Bioanalytical
Chemistry 2016, 408 (12), 3281-3293.
96.
Pirrone, G. F.; Iacob, R. E.; Engen, J. R., Applications of Hydrogen/Deuterium Exchange MS from
2012 to 2014. Analytical Chemistry 2015, 87 (1), 99-118.
97.
Suchanova, B.; Tuma, R., Folding and assembly of large macromolecular complexes monitored
by hydrogen-deuterium exchange and mass spectrometry. Microbial Cell Factories 2008, 7.
98.
Zhou, B.; Zhang, Z. Y., Application of hydrogen/deuterium exchange mass spectrometry to study
protein tyrosine phosphatase dynamics, ligand binding, and substrate specificity. Methods 2007, 42 (3),
227-233.
99.
Sinz, A., Investigation of protein-ligand interactions by mass spectrometry. Chemmedchem 2007,
2 (4), 425-431.
100. Valentine, S. J.; Clemmer, D. E., H/D exchange levels of shape-resolved cytochrome c conformers
in the gas phase. Journal of the American Chemical Society 1997, 119 (15), 3558-3566.
101. Wyttenbach, T.; Bowers, M. T., Gas phase conformations of biological molecules: The
hydrogen/deuterium exchange mechanism. Journal of the American Society for Mass Spectrometry
1999, 10 (1), 9-14.
102. Rand, K. D.; Pringle, S. D.; Morris, M.; Brown, J. M., Site-Specific Analysis of Gas-Phase
Hydrogen/Deuterium Exchange of Peptides and Proteins by Electron Transfer Dissociation. Analytical
Chemistry 2012, 84 (4), 1931-1940.
103. Campbell, S.; Rodgers, M. T.; Marzluff, E. M.; Beauchamp, J. L., Deuterium exchange reactions as
a probe of biomolecule structure. Fundamental studies of cas phase H/D exchange reactions of
protonated glycine oligomers with D2O, CD3OD, CD3CO2D, and ND3. Journal of the American Chemical
Society 1995, 117 (51), 12840-12854.
24

104. Jones, J. L.; Dongre, A. R.; Somogyi, A.; Wysocki, V. H., SEQUENCE DEPENDENCE OF PEPTIDE
FRAGMENTATION EFFICIENCY CURVES DETERMINED BY ELECTROSPRAY-IONIZATION SURFACE-INDUCED
DISSOCIATION MASS-SPECTROMETRY. Journal of the American Chemical Society 1994, 116 (18), 83688369.
105. Dongre, A. R.; Jones, J. L.; Somogyi, A.; Wysocki, V. H., Influence of peptide composition, gasphase basicity, and chemical modification on fragmentation efficiency: Evidence for the mobile proton
model. Journal of the American Chemical Society 1996, 118 (35), 8365-8374.
106. Bythell, B. J.; Suhai, S.; Somogyi, A.; Paizs, B., Proton-Driven Amide Bond-Cleavage Pathways of
Gas-Phase Peptide Ions Lacking Mobile Protons. Journal of the American Chemical Society 2009, 131
(39), 14057-14065.
107. Abzalimov, R. R.; Kaplan, D. A.; Easterling, M. L.; Kaltashov, I. A., Protein Conformations Can Be
Probed in Top-Down HDX MS Experiments Utilizing Electron Transfer Dissociation of Protein Ions
Without Hydrogen Scrambling. Journal of the American Society for Mass Spectrometry 2009, 20 (8),
1514-1517.
108. Stafford, G., Ion trap mass spectrometry: A personal perspective. Journal of the American
Society for Mass Spectrometry 2002, 13 (6), 589-596.
109. Todd, J. F. J., ION TRAP MASS-SPECTROMETER - PAST, PRESENT, AND FUTURE. Mass
Spectrometry Reviews 1991, 10 (1), 3-52.
110. Sleno, L.; Volmer, D. A., Ion activation methods for tandem mass spectrometry. Journal of Mass
Spectrometry 2004, 39 (10), 1091-1112.
111. Johnson, A. R.; Carlson, E. E., Collision-Induced Dissociation Mass Spectrometry: A Powerful Tool
for Natural Product Structure Elucidation. Analytical Chemistry 2015, 87 (21), 10668-10678.
112. Wells, J. M.; McLuckey, S. A., Collision-induced dissociation (CID) of peptides and proteins.
Biological Mass Spectrometry 2005, 402, 148-185.
113. Kim, M. S.; Pandey, A., Electron transfer dissociation mass spectrometry in proteomics.
Proteomics 2012, 12 (4-5), 530-542.
114. Syka, J. E. P.; Coon, J. J.; Schroeder, M. J.; Shabanowitz, J.; Hunt, D. F., Peptide and protein
sequence analysis by electron transfer dissociation mass spectrometry. Proceedings of the National
Academy of Sciences of the United States of America 2004, 101 (26), 9528-9533.
115. Zubarev, R. A., Electron-capture dissociation tandem mass spectrometry. Current Opinion in
Biotechnology 2004, 15 (1), 12-16.
116. Adamson, J. T.; Hakansson, K., Electron detachment dissociation of neutral and sialylated
oligosaccharides. Journal of the American Society for Mass Spectrometry 2007, 18 (12), 2162-2172.
117. Dunbar, R. C., BIRD (blackbody infrared radiative dissociation): Evolution, principles, and
applications. Mass Spectrometry Reviews 2004, 23 (2), 127-158.
118. Kushnir, M. M.; Rockwood, A. L.; Bergquist, J., LIQUID CHROMATOGRAPHY-TANDEM MASS
SPECTROMETRY APPLICATIONS IN ENDOCRINOLOGY. Mass Spectrometry Reviews 2010, 29 (3), 480-502.
119. Divito, E. B.; Davic, A. P.; Johnson, M. E.; Cascio, M., Electrospray Ionization and Collision
Induced Dissociation Mass Spectrometry of Primary Fatty Acid Amides. Analytical Chemistry 2012, 84
(5), 2388-2394.
120. Wishart, D. S.; Jewison, T.; Guo, A. C.; Wilson, M.; Knox, C.; Liu, Y. F.; Djoumbou, Y.; Mandal, R.;
Aziat, F.; Dong, E.; Bouatra, S.; Sinelnikov, I.; Arndt, D.; Xia, J. G.; Liu, P.; Yallou, F.; Bjorndahl, T.; PerezPineiro, R.; Eisner, R.; Allen, F.; Neveu, V.; Greiner, R.; Scalbert, A., HMDB 3.0-The Human Metabolome
Database in 2013. Nucleic Acids Research 2013, 41 (D1), D801-D807.
121. Papayannopoulos, I. A., THE INTERPRETATION OF COLLISION-INDUCED DISSOCIATION TANDEM
MASS-SPECTRA OF PEPTIDES. Mass Spectrometry Reviews 1995, 14 (1), 49-73.

25

122. Zubarev, R. A.; Kelleher, N. L.; McLafferty, F. W., Electron capture dissociation of multiply
charged protein cations. A nonergodic process. Journal of the American Chemical Society 1998, 120 (13),
3265-3266.
123. Ohashi, N.; Furuuchi, S.; Yoshikawa, M., Usefulness of the hydrogen-deuterium exchange
method in the study of drug metabolism using liquid chromatography tandem mass spectrometry.
Journal of Pharmaceutical and Biomedical Analysis 1998, 18 (3), 325-334.
124. Hoadlund-Hyzer, C. S.; Li, J. W.; Clemmer, D. E., Mobility labeling for parallel CID of ion mixtures.
Analytical Chemistry 2000, 72 (13), 2737-2740.
125. Muller, C.; Vogt, S.; Goerke, R.; Kordon, A.; Weinmann, W., Identification of selected
psychopharmaceuticals and their metabolites in hair by LC/ESI-CID/MS and LC/MS/MS. Forensic Science
International 2000, 113 (1-3), 415-421.
126. McLafferty, F. W., MASS SPECTROMETRIC ANALYSIS - MOLECULAR REARRANGEMENTS.
Analytical Chemistry 1959, 31 (1), 82-87.
127. Nibbering, N. M. M., The McLafferty rearrangement: A personal recollection. Journal of the
American Society for Mass Spectrometry 2004, 15 (7), 956-958.
128. Khakinejad, M.; Kondalaji, S. G.; Tafreshian, A.; Valentine, S. J., Gas-Phase Hydrogen-Deuterium
Exchange Labeling of Select Peptide Ion Conformer Types: a Per-Residue Kinetics Analysis. Journal of the
American Society for Mass Spectrometry 2015, 26 (7), 1115-1127.

26

2. Structural Assignments of Sulfur-containing Compounds in Crude Oil Using
Ion Mobility Spectrometry-Mass Spectrometry (IMS-MS)
Reprinted in part with permission from Energy & Fuels: Structural Assignments of Sulfur-Containing
Compounds in Crude Oil Using Ion Mobility Spectrometry-Mass Spectrometry. Hossein Maleki, Samaneh
Ghassabi Kondalaji, Mahdiar Khakinejad, and Stephen J. Valentine. Energy & Fuels., 2016, 30 (11), pp
9150–9161.

2.1. Introduction
Petroleum is one of the most complex mixtures encountered in analytical
chemistry. Despite its challenge, petroleum characterization is paramount and its full
analysis is outstanding.1,

2

Many studies in recent years have focused on molecular

characterization in order to better understand the chemical makeup of petroleum. One
objective is to catalog the types of functional groups and structural motifs in petroleum.
Such characterization is enticing as it may find applications for indicating the origin of
particular petroleum samples.3 It also provides information for improving petroleum
refining and transportation.4, 5
The geographical location of a petroleum well has a decisive effect on the chemical
and physical nature of the petroleum sample.6 The molecular mixture in petroleum is
mostly comprised of 3 categories of hydrocarbons which include alkanes, naphthenes,
and aromatic compounds (conjugated five- or six-carbon member rings).7 Hetero-atom
compounds in petroleum are mostly composed of nitrogen, oxygen, and sulfur-containing
species.8 Petroleum samples also contain trace amounts of metals such as nickel,
vanadium, and iron.9 Acids are the main constituents of oxygen containing molecules.10
This class of compounds is especially important because it plays a main role in the
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corrosion of transportation tubes of petroleum.11 Nitrogen containing compounds are
important to study because of their role in air pollution.12, 13
In general, crude oil with a high percentage of polar compounds is less desirable
because it creates greater pollution upon consumption, more readily disturbs catalytic
processes, and increases the corrosion of transportation tubes.14-16 In this regard, lighter
crude oil is more desirable.17, 18 With that being said, analysis of heavy petroleum mixtures
is increasingly important because the petroleum resources of the world are moving toward
heavy petroleum. Therefore, analysis of polar compounds in petroleum is of high
demand.16 Having noted the connection between petroleum composition and issues
associated with refining and transportation, it is difficult to overestimate the implications
of extensive compound structure characterization. For example, structural analyses could
help alleviate environmental challenges by providing information about the chemical
reactivity of petroleum mixtures. Such information could be helpful to identify petroleum
wells that have more desirable molecular characteristics and thereby cost reduction could
be achieved for refining and also for transportation processes. For these reasons, the
hetero-atom content of petroleum has been the subject of detailed structural
characterization.19-28
There are a number of important reasons for characterizing sulfur compounds in
petroleum. One significant reason is that these compounds are the most abundant heteroatom constituents in petroleum. The content of sulfur in crude oil can be as high as 10%. 29
Sulfur-containing compounds cause corrosion in petroleum pipelines and interfere in
catalysis processes which has been termed catalysis poisoning.30 Specifically, thiols and
sulfides have implications with regard to environmental and human health presenting high
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exposure risk factors. Furthermore, petroleum analysis is difficult as sulfur-containing
compounds are very absorptive, adsorptive, and reactive.30 Therefore, a knowledge of
the constituent sulfur-containing compounds could aid other measurement strategies to
obtain fuller characterization of petroleum samples. Different methods have been
proposed for the depletion of sulfur compounds from petroleum. Hydrodesulfurization
(HDS) is the main method used for this purpose

31, 32

because these compounds disturb

catalytic processes. Fuller structural characterization of sulfur- containing compounds in
petroleum may provide information about the required types of catalytic processes. That
is, the distribution of different sulfur containing species is helpful when selecting specific
catalysts. For example, the efficiency of a catalyst depends on the match between the
surface of the catalyst and the interacting molecules.33 In this manner a thorough
knowledge about the size and structural distribution of sulfur-containing species can have
a pronounced effect on the optimization of catalytic processes. The same characterization
has implications for guiding the HDS processes.
A variety of instrumentational and analytical techniques have been employed for
the determination of the overall chemical nature of crude oil.34-41 Gas chromatography
(GC),42 gas chromatography-mass spectrometry (GC-MS),43,

44

liquid chromatography

(LC)45, near-infrared spectroscopy (NIR)46, fluorescence spectroscopy,47 nuclear
magnetic resonance (NMR),48 and X-ray scattering techniques49 have been used to study
petroleum compounds. Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) is a technique that is frequently used for petroleum compound
characterization.16 This technique provides extraordinary resolving power and high mass
accuracy required to identify compound classes within a complex mixture of petroleum.
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That said, often a more comprehensive analysis is required for petroleum
characterization; seminal work has shown that FTMS can be combined with other
analytical

techniques

as

an

integrative

approach

for

improving

compound

characterization.50, 51
The polarities of petroleum compounds are varied and thus selecting the
appropriate ionization method for mass spectrometry is important.52 Soft ionization
techniques are desirable in many experiments because the proportion of ion
fragmentation is significantly reduced. Electrospray ionization (ESI) is able to readily
generate cations and anions from polar compounds but is less suitable to ionize mid-polar
compounds such as sulfur-containing species in petroleum.53 To address this problem,
different methods have been proposed. As an example, methylation of sulfur atoms has
been used for this purpose.54, 55 Another technique that has been used frequently is the
addition of a metal that forms a complex with petroleum compounds.56 Silver cationization
has recently been used with MS to study sulfur containing compounds in petroleum.57
FT-ICR MS is very efficient for producing molecular fingerprints of petroleum
samples.58 However, this technique cannot provide structural information associated with
isomers (and some isobars) required for more complete structural characterization. Ion
mobility spectrometry-mass spectrometry (IMS-MS) has been used to address this
problem and has become an increasingly popular choice for studying petroleum mixtures
in recent years.28, 59-65 IMS is a gas-phase separation technique in which ions traveling in
a pressurized drift tube under the influence of a constant electric field are separated based
on their shape and harge.66-68 IMS-MS provides additional information in the form of the
mass-to-charge (m/z) values for molecular ions. Additionally, IMS in combination with MS
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provides improved peak capacities, as well as enhancing molecule identification.69
Finally, drift times (tD) measured by IMS-MS can be converted to experimental collision
cross section (CCS) values that can be used for structural assignments.
Experimental tD profiles and theoretical CCS values have long been employed for
structural estimation of proteins and peptides.70-88 Another powerful method for the
elucidation of structural information is collision-induced dissociation (CID).89-97 FT-ICR
MS in combination with CID has been used for structural and molecular characterization
of petroleum compounds.19,

22

This approach provides high mass accuracy and

fragmentation information about precursor ions that may be used to complement CCS
values for structural assignments.
This research presents complementary IMS-MS and MS and tandem MS (MS/MS)
methods for structural determination of sulfur-containing compounds in petroleum. This
is accomplished by comparison of experimental and theoretical CCS values of silver ion
complexes combined with the application of high mass accuracy and CID data. Silver
contains two different isotopes of nearly equal abundance and, therefore, ion doublets in
two-dimensional (2D) plots of tD and m/z values can be used for the tracking and
characterization of metalated compounds.57 Here, the selection of sulfur-containing
compounds combined with IMS-MS and FT-MS analysis is presented as proof-ofprinciple method for characterizing this important class of compounds. As such, only
limited examples of CCS-based structure comparison and MS/MS comparisons are
presented. Future studies will extend the usage of these techniques for more complete
characterization.
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2.2. Experimental Section
2.2.1. Sample Preparation
Methanol and toluene [both HPLC grade], concentrated acetic acid (HCOOH), and
silver triﬂate (AgOTf) were purchased from Sigma-Aldrich (St. Louis, MO). Saudi crude
oil samples were purchased from ONTA, Inc. (Canada). Two solutions were prepared to
test the efficiency of silver complexation with sulfur containing compounds. The first
solution contained a crude oil sample with 1% acetic acid. The second solution contained
a crude oil sample with silver cation. Saudi crude oil samples were dissolved in
methanol/toluene in a 1:1 (v/v) ratio to a final concentration of 1 mg/mL and AgOTf was
added to a concentration of 0.1 mg/mL.
2.2.2. Instrumentation
For mobility experiments, an instrument consisting of a home built drift tube
coupled to an LTQ Velos mass spectrometer was used as shown in Figure 2.1.98 The
IMS-MS instrument used here employed a nano-ESI source for the generation of gaseous
ions and their introduction into the drift tube. In Figure 2.1, the locations of the ion
desolvation region, ion gates, ion funnels, and drift tube are displayed.
The two ion gates in the drift tube (Figure 2.1) enabled the measurement of the tD
distributions. Initially, ions were electrosprayed into the desolvation region and then are
trapped in the first funnel (F1 region in Figure 2.1). From the F1 region, ions were released
into the drift tube in a pulsed manner. Consequently, ions passed into a home built, 1meter-long drift tube, which was operated at 10 V.cm-1 and filled with 2.72 Torr He (300
K) buffer gas. Upon reaching the second ion funnel (F2 region in Figure 2.1), ions were
focused for extraction into the mass spectrometer. The ions subsequently entered the
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linear ion trap mass spectrometer (LTQ Velos, Thermo Electron, San Jose, CA, USA) for
ion detection and m/z determination.

Figure 2.1. Schematic diagram of the instrument used in these studies. The home-built drift tube and linear
ion trap mass spectrometer are shown. Funnels, activation regions, and gates are labeled.

tD distributions were created by scanning the delay time associated with the
opening of the second ion gate (G2 in Figure 2.1) relative to the first ion gate (G1 in Figure
2.1). This time delay was stepped by 200 µs (the G2 open time) across the entire tD
distribution. In this manner, mobility-resolved m/z datasets were collected. The DPlot
software (DPlot Graph Software, HydeSoft Computing, 2001-2010, Vicksburg,
Mississippi) was used for the generation of 2D plots of m/z and tD values. Accurate mass
measurements were performed with an FT-ICR instrument (Thermo Electron, San Jose,
CA) equipped with a 7 T horizontal superconducting solenoid magnet. The resolving
power of instrument is determined to be ~120,000 on average. The experiments were
performed in positive ESI mode. The CID experiments were performed using the LTQ
device of FT-ICR MS (Thermo Electron, San Jose, CA). Both instruments were operated
in positive ESI mode. The CID analysis was conducted by isolating a precursor ion with
a m/z isolation window of ±1.0 Da relative to the centroid m/z value. Selected ions were
fragmented using a normalized activation energy of 35.0%.
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2.2.3. Experimental and Theoretical CCS Calculations
Experimental CCS values were calculated according to Equation 1:99

Ω=

18𝜋 1/2
𝑧𝑒
1
1 𝑡𝐷 𝐸 760 𝑇 1
+
1/2
16 (𝑘𝐵 𝑇)
𝑚𝑖 𝑚𝑏 𝐿 𝑃 273.2 𝑁

1)

In Equation 1, z is the charge of the ion, e is the charge of an electron, E is the electric
field strength, T is the temperature of the buffer gas, kb is Boltzman’s constant, mI and mB
are the masses of the ion and the buffer gas respectively, L is the length of the drift tube,
P is the pressure of the buffer gas, and N is the number density of the buffer gas at STP.
Notably, Equation 1, relates CCS values and tD values. Demonstratively, elongated ions
(larger Ω) require more time to reach the detector, and compact ions reach the detector
at earlier times.
Experimental CCS values were determined for standard ions in order to check the
accuracy of the measurements. Tetra-butyl ammonium salt and reserpine were used for
this purpose. The error is estimated by comparing the CCS values of tetra-butyl
ammonium salt (113.1 Å2) and reserpine (180.9 Å2) with those obtained from the
literature. The measured CCS values were within 1.7% and 1.17% of reported values 100
for tetra-butyl ammonium salt and reserpine ions, respectively. This is similar to values
obtained previously for large protein ions.101 The precision of our measurement is
markedly better (typically <1% as measured by triplicate measurements for some of these
compounds). This difference was taken into consideration during association of
theoretical structures to tD profiles.
Theoretical CCS values were obtained by first generating initial ion structures with
the Avogadro software suite. Second, sulfur-silver structures were optimized with
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Second-Order Moller-Plesset Perturbation Theory (MP2) using a LanL2MB basis set.102
Calculations were performed using Gaussian.103 Finally, the Mobcal software employing
the trajectory method (TM) was used for calculation of CCS values for compounds with
optimized geometries.104, 105 Theoretical CCS values were determined for five randomly
oriented structures for each compound. Average theoretical CCS values are reported.

2.3. Results and Discussion
2.3.1. Comparison of Mass Spectra and 2D Plots for Two Samples
Figure 2.2A shows a 2D tD, m/z plot for the silver-containing sample. Both
protonated and metalated datasets are comprised primarily of singly-charged ions. As
reported previously, the addition of silver to crude oil samples should mostly generate
[M+Ag]+ and [2M+Ag]+ ions.56 For this study, only [M+Ag]+ ions are considered because
they reveal more structural information related to isomers and isobars. The data
encompasses a tD range of ~4.5 to ~12 ms. Additionally, the data are comprised of ions
that predominantly have m/z values in two separate regions of the mass spectrum. The
first extends from ~300 m/z to 400 m/z and the second region extends from ~500 m/z to
700 m/z. In Figure 2.2A, white lines are associated with structural classes exhibiting
different degrees of compactness. Here the lines represent tD regions of similar
structures.106 The selected structures differ from each other by their benzene ring
orientations. Trend lines 1 and 3 represent the most compact and least compact
structures among these three molecular types. The calculated locations for a number of
these structures are indicated in the 2D plot.
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Figure 2.2. A) Two-dimensional (2D) plot of m/z and tD values obtained upon direct electrospray of Saudi
crude oil co-incubated with silver ions. Intensities are represented on a color scale where red and black are
the highest and lowest intensities,respectively. Three white lines are associated with molecular structures
with different degrees of compactness. The theoretical locations of three of these structures within the 2D
plot are shown. B) tD distributions of silver-containing samples and protonated crude oil samples for two
m/z ranges (650-660 and 550-560 for top and bottom traces, espectively). Solid and dashed lines are
associated with silver-containing and protonated samples, respectively. Intensity values have been scaled
to the tallest dataste feature representing a peak height of 1.
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The trend lines are generated using nine ions comprising three different structural
classes of molecules which have been selected for comparison to the experimental data.
Theoretical CCS values have been determined for the nine ions and plots of m/z versus
theoretical tD values have been generated. For each separate molecular class, linear
regression is used to generate the trend lines. The molecular structures and their nominal
m/z values are provided in Table 2.1.
In Figure 2.2, the structures representing those associated with lines 1 and 2 have
roughly the same tD values but different m/z values. This is based on the fact that the
structures associated with line 1 are the most compact among the three types requiring
them to have higher m/z values for ions of similar mobility. Conversely, structures
associated within lines 2 and 3 have the same m/z but different tD values. Such
comparisons are instructive for considering the predominant types of structures observed
in the silver-containing sample at different m/z values. In general, for individual features,
as the m/z value increases, the tD profile widens. This could result from the fact that the
number of isomeric and isobaric species increases at higher masses. Figure 2.2A also
shows a decrease in tD increment with m/z values (shift toward lines 1 and 2). As
demonstrated in previous studies, as the number of carbon atoms for petroleum
compounds increases, the DBE range becomes wider and shifts toward higher DBE
values.107 Higher DBE values correlate to more compact structures, which would explain
a decrease in tD change with higher m/z values. Notably, the same trends have been
observed for asphaltenes in petroleum.108
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Table 2.1. Structures used for drawing trend lines in Figure 2.2.

Structurea

Nominal Trend
m/z b

Linec

365, 367

1

537, 539

1

659, 661

1

341, 343

2

491, 493

2

691, 693

2

341, 343

3

491, 493

3

641, 643

3

a Structures

used to draw trend lines
m/z values associated with each structure
c Trend line number from Figure 2.2
b Nominal
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Comparisons of the IMS-MS data between the two samples (acid and silvercontaining crude oil samples) show significant differences in the tD values for predominant
ions of select m/z values. Based on previous studies,

57, 109

it may be expected that the

silver-treated samples favor mostly ionization of sulfur-containing compounds, and the
acid-treated samples favor mostly ionization of amine-containing compounds. Silver
attachment to sulfur-containing compounds generate higher mobility ions relative to
protonated compounds of the same m/z. Consequently, there is a slight shift toward lower
tD values for the silver-treated crude oil sample compared to the protonated sample over
the same m/z range. Figure 2.2B compares tD distributions of the silver-treated sample
with the acid-treated sample for two m/z ranges (650-660 and 550-560). These two m/z
ranges were selected because they show a great degree of mobility difference between
acid-treated and silver-treated analytical peaks. As may be expected, compounds in the
protonated samples (dashed line in Figure 2.2B) have higher tD values than the silvertreated samples (a solid line in Figure 2.2B). Overall, compounds in the acid-treated
samples have higher tD values than the silver-treated samples. This can generally be
explained by the more massive charge carrier (silver-treated samples), where covalent
structure is essentially replaced by the silver cation in comparison to protonated ions.
That is, silver has a smaller size/mass ratio compared with other isobaric functional
groups (in the case of protonated ions). Consequently, in isobaric ion comparisons
(protonated versus metalated), when silver is attached to any sulfur-containing molecule,
the molecular core must necessarily be smaller in size resulting in higher mobilities at
given m/z ratios. Such a shift in tD values has been demonstrated in several studies by
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Mclean and coworkers.110 Another observation is that less structural diversity is observed
for the silver-treated samples. This may indicate selective silver complexation.
There are two isotopes of silver (107Ag,

109Ag)

with respective abundances of

51.84% and 48.16%. Therefore, upon silver attachment, a doublet pattern would be
expected in the 2D IMS-MS plot in which the same tD profiles would be observed
separated by 2 m/z units. Silver may attach to either sulfur atoms or aromatic rings.
Notably, the interaction of silver with sulfur is stronger.57 To check the preferred location
of attachment for gas-phase ions, silver was attached in silico to different positions on the
molecule including sulfur atoms and aromatic rings. The structures were optimized using
Gaussian and the energy of these structures were compared. This is similar to methods
employed to assign protonation sites for in silico structures in which those sites with the
highest apparent gas-phase basicity (most stable) are used to represent the ions of
interest. For four selected molecules, the location of silver is shown in Table 2.2. As
observed in the table, the attachment of silver to sulfur is generally more energetically
favorable. These observations have been considered in the selection of representative
structures for other ions.

40

Table 2.2. Selected structures for studying the tendency of silver to interact at different locations on
sulfur-containing compounds.

Structurea

Energyb
-608.074760

-608.008270
-608.002246

-508.071911

-508.071913

-508.071916

-508.052750

-596.384416

-596.384412

-596.381320

-596.384414
a
b

Structure representing the location of attachment of silver to the molecule
Energy obtained after energy optimization with Guassian
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Figure 2.3A and 2.3B show expanded dataset regions encompassing ions of
nominal m/z values of 665 and 667 (A) and 683 and 685 (B), respectively. The tD
distributions associated with Figure 2.3A and 2.3B are shown in Figure 2.3C and 2.3D,
respectively. An interesting observation of the tD profiles in Figure 2.3A and 2.3B is that,
for all four nominal m/z values within a specific tD profile, there is a slight increase in m/z
values as tD increases. It should be noted that, for a given nominal m/z value, different
classes of sulfur-containing compounds having different molecular formulas can be
observed using the silver cationization technique.

57

These compounds with the same

nominal m/z value are isobars. Such isobaric classes include compounds with S, S2, S3,
NS, NS2, OS, OS2, NOS, and O2S functional groups. The abundances of these classes
can vary significantly based on crude oil types and origins. For example, in Figure 2.3,
nominal m/z values of 665 and 667 can correspond to molecular formulas of C39H58SAg,
C37H50S2Ag, C34H54S3Ag, C38H56NSAg, C35H60NS2Ag, C38H54OSAg, C36H46OS2Ag,
C37H52OSNAg, and C37H50O2SAg. A similar analysis can be performed for ions of nominal
m/z values of 683 and 685. Another observation is that the isotopologue intensities of the
tD profiles for the two silver complex compounds are slightly different. As expected, and
shown in Figures 2.3C and 2.3D, the tD profiles at nominal m/z values of 665 and 683 are
slightly more intense than the tD profiles at nominal m/z values of 667 and 685.
In these structural studies of sulfur-containing compounds in petroleum, only S1,
S2, and S3 classes of compounds have been considered. One reason for this preference
is that other studies have shown the predominance of these types of compounds by silver
adduction.57 These data are in agreement with information extracted from FT-ICR data of
silver-treated Saudi sample used in this work (Table 2.3 and 2.4). In such studies, library
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databases have been used to assign sulfur containing compounds. Table 2.5 provides
some of these types of assignments belonging to the S1 class of compounds and their
relative mass accuracies as measured by FT-ICR MS.
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Figure 2.3. Expanded regions in 2D IMS-MS plots for A) ions with nominal m/z values of 665 and 667 and,
B) 683 and 685. Respective tD distributions for panels A and B are shown in panels C and D. Green and
blue traces represent lighter and heavier silver isotopes, respectively. Intensities in panels C and D have
been normalized by dividing the y-value at each drift time by the sum of all y-values.

Table 2.3. Molecular formulas observed within nominal m/z values of 291 and 293

Molecular
Formula
C12H8S107Ag
C11H20S107Ag
C9H12S2107Ag
C8H8S2O107Ag
C10H16SO107Ag

DBEb
9
2
4
5
3

Theoretical
massc
290.9398
291.0337
290.9431
290.9067
290.9973

Observed
Massd
290.9400
291.0341
290.9429
290.9064
290.9978

Mass
Accuracye
1.0
1.6
-0.9
-1.1
1.7

Relative
Intensityf
100
24.99
35.32
10.83
8.33

a

Molecular formula obtained using mMass software
Double Bond Equivalence
c Exact mass of the ion obtained from the molecular formula
d Observed mass of the ion obtained by FT-ICR-MS analysis
e Mass accuracy obtained with the FT-ICR instrument. Values are reported in parts in million
f Relative intensity of peaks observed using FT-ICR MS
b
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Table 2.4. Molecular formulas observed within nominal m/z values of 353 and 353

Molecular
Formulaa
C14H14S2107Ag
C11H18S3107Ag
C17H10S107Ag
C16H22S107Ag
C13H10S2O107Ag
C11H18S2O2107Ag
C15H18SO107Ag
C12H22S2O107Ag

Theoretical
massc
352.9591
352.9615
352.9558
353.0498
352.9228
352.9805
353.0122
353.0166

DBEb
8
3
13
6
9
3
7
2

Observed
Massd
352.9588
352.9622
352.9554
353.0493
352.9224
352.9800
353.0129
353.0163

Mass
Accuracye
1.0
-1.9
0.9
1.3
1.1
1.7
-1.9
0.9

Relative
Intensityf
100
90.73
50.21
5.3
8.9
5.2
3.2
1.1

a

Molecular formula obtained using mMass software
Double Bond Equivalence
c Exact mass of the ion obtained from the molecular formula
d Observed mass of the ion obtained by FT-ICR-MS analysis
e Mass accuracy obtained with the FT-ICR instrument. Values are reported in parts in million
f Relative intensity of peaks observed using FT-ICR MS
b

Table 2.5. Tentative assignments of sulfur-containing ions from S1 class compounds

Molecular Formulaa

DBEb

Exact Massc

Observed Massd

C27H48S107Ag
C27H48S109Ag
C27H50S107Ag
C27H50S109Ag
C30H54S107Ag
C30H54S109Ag
C31H54S107Ag
C31H54S109Ag
C29H58S107Ag
C29H58S109Ag
C30H60S107Ag
C30H60S109Ag
C33H58S107Ag
C33H58S109Ag
C34H60S107Ag
C34H60S109Ag

4
4
3
3
4
4
5
5
1
1
1
1
5
5
5
5

511.2527
513.2524
513.2684
515.2680
553.2997
555.2993
565.2997
567.2994
577.3030
579.3026
591.3186
593.3183
593.3310
595.3307
607.3467
609.3463

511.2532
513.2517
513.2692
515.2675
553.3006
555.2984
565.3003
567.2987
577.3038
579.3034
591.3192
593.3175
593.3302
595.3314
607.3461
609.3470

Mass
Accuracye
1.0
-1.4
1.5
-1.0
1.6
-1.6
1.1
-1.2
1.4
1.4
1.0
-1.3
-1.3
1.2
-1.0
1.1

a

Molecular formula obtained using mMass software
Double Bond Equivalence
c Exact mass of the ion obtained from the molecular formula
d Observed mass of the ion obtained by FT-ICR-MS analysis
e Mass accuracy obtained with the FT-ICR instrument. Values are reported as parts per million
b
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Four ions have been considered for structural elucidation of sulfur compounds
(nominal isotopologue m/z values of 291 and 293 and 353 and 355) (Table 2.3 and 2.4).
Here it is noted that because of the large number of different structures that can match
with collision cross section data, the exclusion of certain structures and the inclusion of
others is, at present, tentative. The tD distribution for isotopologue ions of m/z 291 and
293 is ~0.5 ms wide (Figure 2.4A) and the tD distribution for isotopologue ions of m/z 353
and 355 is 1.4 wide (Figure 2.5A). As mentioned above, this may demonstrate that the
number of isomeric and isobaric species increases with increasing mass. For ions with
nominal m/z values of 291 and 293, the tD profiles are mostly centered at ~5 ms. For ions
with nominal m/z values of 353 and 355, the tD profiles are mostly centered at ~5.6 ms,
but some relatively low-intensity features can also be observed at ~6.2 ms. This reveals
additional information about structural heterogeneity for ions of these nominal m/z values.
That is, these ions have greater structural variability and may belong to different classes
of sulfur-containing ions.
It is important to note that the tD distribution is essentially identical for both isotopic
doublets as the electronic structure of the two silver isotopes is the same. Accurate mass
measurements suggest that the ions with nominal m/z values of 291 and 293 belong to
the S1, S2, SO, and S2O classes of sulfur-containing compounds as shown in Table 2.3.
Overall, the most abundant species belong to the S1 and S2 classes (Table 2.6). Notably,
for these m/z values, no nitrogen-containing species are observed. Therefore, in the
discussion below only compounds containing sulfur as the sole heteroatom are
considered. For the S1 class, ions with molecular formulas of C12H8S107Ag or C12H8S109Ag
[which have a double bond equivalence (DBE) of 9] or those with molecular formulas of
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C11H20S107Ag or C11H20S109Ag (which have DBE values of 2) are possible. For the S2
class, ions with molecular formulas of C9H12S2107Ag or C9H12S2109Ag (which have DBE
values of 4) are possible.
For the ions at nominal m/z values of 353 and 355 exhibiting different dominant
structures centered at drift times of ~5.6 ms and ~6.2 ms (Figure 2.5A), exact mass
measurements suggest the ions comprise S1, S2, S3, S2O, SO, and S2O2 classes of sulfurcontaining compounds. Abundance information for the ions having these two nominal
m/z values is presented in Table 2.4. In general, the most abundant species belong to the
S1, S2, and S3 classes.

For the S1 class, molecules with molecular formulas of

C17H10S107Ag or C17H10S109Ag (which have DBE values of 13) or C16H22S107Ag or
C16H22S109Ag (which have DBE values of 6) are possible. For the S2 class, molecules with
molecular formulas of C14H14S2107Ag or C14H14S2109Ag (which have DBE values of 8) are
possible. For the S3 class, molecules with molecular formulas of C11H18S3107Ag or
C11H18S3109Ag (which have DBE values of 3) are possible.
2.3.2. Criteria for Proposing Structures for Matching Molecular Formulas
Molecular structures are assigned to tD profiles based on the following three
criteria. First, CID spectra have been used to select the best structures based on plausible
fragmentation patterns for ions with the four nominal m/z values of 291, 293, 353, and
355. Here the intensities of peaks in the CID spectra are considered for the estimation of
the relative abundances of specific molecules. Second, structures, which have already
been reported in petroleum mixtures analysis receive higher priority. For example, cyclic
structures (saturated and aromatic rings) are preferred over linear, extended structures24,
111-113.

Third, comparisons of theoretical CCS values with the experimental CCS profiles
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have been used as criteria for structural selection. Consequently, compounds containing
theoretical CCS values that do not match the tD profiles have not been considered further.
2.3.3. Proposed Structures for Ions Having Nominal m/z Values of 291 and 293
Table 2.6 provides a number of different molecular structures that are considered
for the molecular formulas associated with ions of nominal m/z values of 291 and 293.
The molecular formulas, DBE values, theoretical CCS and tD values, and relevant peaks
found in the CID spectrum of the ions are also reported in this table. The CID spectrum
for ions having a nominal m/z value of 291 is shown in Figure 2.4B. Notably, in the CID
spectrum, many peaks are observed. This is likely due to the many isobaric and isomeric
species that can be associated with a specific nominal m/z value (e.g., see Figure 2.3).
In this work, efforts were directed in assigning the most intense peaks observed in the
CID spectrum and correlating them to S1, S2, and S3 classes which are mostly observed
in FT-ICR spectrum. Therefore, not all of the observed CID fragment peaks are
considered in structural comparisons. The dominant fragmentation pattern in this CID
spectrum can easily be explained by the type of chemical bond cleaved in the proposed
structures of the sulfur-containing ions.22 That is, bonds having lower dissociation
energies break more readily than other bonds. Arguably, the detachment of silver cation
(107Ag+ and 109Ag+) is the most energetically favorable fragmentation pathway resulting in
large peaks at m/z 107 and 109. These two fragment ions are not shown in Figure 2.4
because of their relatively high abundances. The next dominant fragmentation trend is
de-alkylation. Comparatively, the dissociation of C=C bonds is not a favorable pathway.
Consequently, there is no observable high intensity peak that can be correlated to double
bond cleavage. Notably, others have observed this behavior in studies of petroleum
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compounds.19 In the CID spectrum in Figure 2.4B, for every single fragment peak, multiple
neighboring peaks are observed. This can be explained by the fact that, the CID process
has been performed on a select m/z value that can belong to different petroleum classes
such as NS, OS, OS2, or N2S. Therefore, the fragment ions from all of these classes are
expected to be observed. That said, in the CID spectrum, most fragment ions result from
precursor dissociation while silver is still attached.
Other molecular structures may also be considered to represent these molecular
formulas based on fragmentation pattern analysis. These have not been considered for
the theoretical CCS calculation comparison. Such compounds vary from the proposed
structures shown in Table 2.6 only in terms of the location of double bonds, the location
of the S-containing functional group on the molecule (only if it does not change the
fragmentation pattern), the size of aromatic or aliphatic cycles, and the orientation of the
two cycles relative to each other.
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Table 2.6. Proposed structures for ions having nominal m/z values of 291 and 293

Molecula
Formulac

DBEd

Fragment
Ionse

Theoretical
CCS (tD)f

1

C12H8SAg

9

(107) (109)

77.7 (4.76)

2

C12H8SAg

9

(107) (109)

80.6 (4.93)

3

C12H8SAg

9

(107) (109)

79.2 (4.85)

4

C12H8SAg

9

(107) (109)

79.5 (4.87)

5

C12H8SAg

9

(107) (109)

79.9 (4.89)

6

C12H8SAg

9

(107) (109)

78.3 (4.80)

7

C9H12S2Ag

4

(M-14) (M-28)
(M-42)
(107) (109)

76.1 (4.66)

8

C9H12S2Ag

4

(M-15) (M-28)
(107) (109)

80.6 (4.93)

2

(M-15) (M-29)
(M-43)
(107) (109)

83.3 (5.09)

2

(M-15) (M-30)
(M-45)
(107) (109)

82.2 (5.03)

2

(M-15) (M-30)
(M-44)
(107) (109)

83.3 (5.09)

2

(M-15) (M-29)
(M-42)
(107) (109)

82.0 (5.01)

Numbera

9

10

11

12

Structureb

C11H20SAg

C11H20SAg

C11H20SAg

C11H20SAg
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Table 2.6. To be continued

Molecula
Formulac

DBEd

13

C11H20SAg

2

14*

C11H20SAg

2

(M-15) (M-29)
(107) (109)

91.1 (5.55)

15*

C11H20SAg

2

(M-15) (M-29)
(107) (109)

89.0 (5.43)

Numbera

Structureb

Fragment
Theoretical
Ionse
CCS (tD)f
(M-15) (M-29)
(M-42)
81.3 (4.97)
(107) (109)

a

Number assigned to each molecule
Molecular structure drawn by ChemDraw freeware
c Molecular formula obtained using the mMass freeware
d Double Bond Equivalence
e Fragment ions from CID spectrum obtained from the Orbitrap mass spectrometer. M shows the m/z of
the molecular ion.
f Theoretical CCS and t values calculated using the Mobcal software
D
* Numbers represented with star are associated with structures which their theoretical CCS values were
not fitted in the experimental tD profiles
b

tD values associated with theoretical CCS values for select compound structures
have been compared with experimental tD profiles for ions having nominal m/z values of
291 and 293. Figure 2.4A shows the tD distribution for these ions and the tD values for
select compound structures obtained from CCS calculations (Table 2.6). In Figure 2.4A,
the matching cross sections do not require that the ions are observed. Rather, the ions
have matching CCS values, accurate masses, and confirming CID fragmentation
patterns. From Table 2.6, structures 1, 2, 3, 4, 5, 6 all have the molecular formula of
C12H8SAg and a DBE value of 9. Theoretical CCS values for these structures fall in the
experimental tD profile. Structures 7 and 8 correspond to a molecule having the molecular
formula of C9H12S2Ag and a DBE value of 4. The theoretical CCS value of these two
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structures also match with the experimental tD profile. Structures 9, 10, 11, 12, and 13
(Table 2.6) all have the same molecular formula, C11H20SAg, and a DBE value of 2. Each
of these structures have a theoretical CCS value falling within the experimental tD profile.
Structures 14 and 15 have theoretical CCS values that do not match experimental tD
profiles. Consequently, there were not considered as possible structures. Furthermore,
the results from Table 2.6 show that S1 structures with DBE values of 9 should be more
prevalent than S1 structures with DBE values of 2 although this cannot be observed from
the CID data. In addition, S1 structures should be more prevalent than S2 structures
regardless of DBE value.
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Figure 2.4. A) tD profile for ions having nominal m/z values of 291 and 293. tD values for each number are
correlated to structures (Table 2.6) as shown with arrows. B) CID spectrum for the dataset feature of
nominal m/z value of 291 obtained with the LTQ device of the FT-ICR instrument. Several fragments are
labeled.
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2.3.4. Proposed Structures for Ions Having Nominal m/z Values of 353 and 355
Table 2.7 lists a number of structures that are proposed for the four molecular
formulas considered for ions having a nominal m/z value 353 or 355. The molecular
formula, DBE values, theoretical CCS and tD values, and potential ion matches from the
CID spectrum for these structures are also shown in Table 2.7. The CID spectrum of ions
exhibiting nominal m/z values of 353 is shown in Figure 2.5B. The same methodology
used for the interpretation of the CID spectrum for lower mass ions is also used here. In
the CID spectrum, two peaks (m/z 107 and 109) are observed that belong to the
detachment of silver cation from the sulfur-containing compounds (not shown in Figure
2.5B). As before, significant de-alkylation is observed in the CID spectrum. Notably,
others have observed this behavior in studies of petroleum compounds.19 Lastly,
evidence for cleavages of carbon-sulfur bonds (C-S) is prevalent. Peaks observed at (M60), (M-100), (M-114), and (M-128) can be correlated to M-(CH2-CH2-S), M-(CH2-CH2-SCH-CH-CH2), M-(CH2-CH2-S-CH-CH-CH2-CH2), and M-(CH2-CH2-S-CH-CH-CH2-CH2CH2), respectively. These fragments would arise from compounds that belong to S 2 and
S3 classes of petroleum compounds. Specifically, for molecules that belong to the S3
class, (M-92) and (M-118) fragments that correspond to M-(S-CH2-CH2-S) and M-(S-CH2CH2-S-CH-CH) can be observed. It is important to note that many other structures may
also be considered for these molecular formulas based on fragmentation patterns alone.
These structures are ultimately not considered for theoretical CCS calculations.
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Table 2.7. Proposed structures for ions having nominal m/z values of 353 or 355

Molecula
Formulac

DBEd

16

C11H18S3Ag

3

17

C14H14S2Ag

8

(M-60)
(107) (109)

91.4 (5.57)

18

C14H14S2Ag

8

(M-14)
(107) (109)

95.8 (5.83)

19

C14H14S2Ag

8

20

C14H14S2Ag

8

21

C14H14S2Ag

8

22

C14H14S2Ag

8

(M-14) (M-28)
(107) (109)

91.7 (5.59)

23

C16H22SAg

6

(M-15)
(107) (109)

102.0 (6.19)

24

C16H22SAg

6

(M-15)
(107) (109)

106.0 (6.43)

Numbera

Structureb

Fragment
Theoretical
Ionse
CCS (tD)f
(M-14) (M-28)
(M-60)
(M-100)
90.9 (5.54)
(M-114)
(M-128)
(107) (109)

(M-60)
(107) (109)

(M-15)
(107) (109)
(M-60)
(107) (109)

93.4 (5.69)

99.6 (6.05)

96.0 (5.84)
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Table 2.7. To be continued

Numbera

25

Structureb

Molecula
Formulac

DBEd

Fragment
Ionse

Theoretical
CCS (tD)f

C17H10SAg

13

(107) (109)

94.5 (5.75)

(M-60) (M-92)
26

C11H18S3Ag

3

(M-118)

99.0 (6.02)

(107) (109)
(M-60) (M-92)
27

C11H18S3Ag

3

(M-118)

92.1 (5.61)

(107) (109)
(M-60) (M-92)
28

C11H18S3Ag

3

(M-118)

92.4 (5.63)

(107) (109)

(M-15)
29*

C16H22SAg

6

(107) (109)

114.9 (6.95)

a

Number assigned to each molecule
Molecular structure drawn by ChemDraw freeware
c
Molecular formula obtained using the mMass freeware
d Double Bond Equivalence
e Fragment ions from CID spectrum obtained from LTQ mode of FT-ICR instrument. M shows the m/z of
the molecular ion.
f Theoretical CCS and t values calculated using the Mobcal software.
D
* Numbers represented with star are associated with structures which their theoretical CCS values were
not fitted in the experimental tD profiles
b

tD values associated with theoretical CCS values have been compared with the
experimental tD profiles. Structure 16 (Table 2.7) would be expected to generate fragment
ions that have the highest intensities such as those in the CID spectrum (Figure 2.5B).
This structure corresponds to a molecule with a molecular formula of C 11H18S3Ag and
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DBE value of 3. Structure 17 would also generate relatively high intensity fragment ion
peaks such as those in the CID spectrum. Additionally, its theoretical CCS value matches
more closely with the most intense feature in the experimental tD profile. Structures 19,
20, 21, and 22 (Table 2.7) show the potential to produce fragments that are observed
experimentally and their theoretical CCS values fall within tD regions. Structure 23
matched within experimental tD profile. Structure 24 appears in a region with much lower
intensities within the experimental tD profile. Structure 25 would not be expected to display
the various fragments observed in the CID spectrum due to the strength of the double
bonds in the highly aromatic structure. However, its theoretical CCS value matches with
the most intense feature in the experimental tD profile, and it is therefore presented for
comparison in Figure 2.5A. Structures 26, 27, and 28 belong to the S3 class with DBE
value of 3. All these compounds show fragments with relative higher intensities than other
potential structures in the CID spectrum. Structures 27 and 28 show relative higher
intensities than structure 26 in the tD profile. Structure 29 has theoretical CCS values that
did not match experimental tD profiles. Consequently, it was not considered as possible
match. This compound belongs to S1 class which includes two rings in its structure.
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Figure 2.5. A) tD profile for ions having nominal m/z values of 353 and 355. tD values for each number are
correlated to structures (Table 2.7) as shown with arrows. B) CID spectrum for the dataset feature of
nominal m/z 353 obtained with the LTQ device of the FT-ICR instrument. Several fragments are labeled.

In conclusion, the FT-ICR spectra, CID spectra, and experimental tD profiles show
that structures containing 2 and 3 sulfur atoms are more abundant than structures that
have only 1 sulfur atom for 353 and 355 nominal m/z values.
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2.4. Conclusion
The experiments reported here highlight the power of a combined IMS-MS, tandem
MS, and high mass accuracy measurement approach applied to sulfur containing species
from petroleum samples. Overall, it is possible to better characterize compound structures
for sulfur-containing species present in petroleum mixtures. Generally, compounds of
lower m/z values exhibit more elongated structures and structures with higher DBE values
(more compact structures) are favored at higher m/z values. The method provides
information about prevalent functional groups, structural motifs, and ion abundance
contributions from plausible compounds within specific m/z, tD, and ion fragment ranges.
Comparisons with precursor ions of two different nominal m/z values reveal that molecule
type (S1, S2, S3) and DBE value can be associated with different dataset features. The
functional group information may be valuable for predicting the relative chemical reactivity
of petroleum. Furthermore, structural information may provide insight regarding the
selection of appropriate catalytic processes during petroleum refining. It should be noted
that similar studies may be employed to elucidate the structure of other hetero-atom
containing compounds in petroleum.
Although the work presented here is proof-of-principle, several improvements
would significantly enhance the characterization capabilities. For example, tuning the CID
energy and applying sets of standards with different structural motifs can improve the
interpretation of CID data for petroleum ions. Additionally, novel approaches employing
tD shift reagents can be utilized. One example involves energy-resolved fragmentation at
the back of the drift tube for differentiation of isomeric species.69
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3. Compound Characterization Using Hydrogen Deuterium/Exchange (HDX) and
Isotope Scrambling Coupled to IMS-MS and CID
Reprinted in part with permission from Analytical Chemistry: Ion mobility, hydrogen/deuterium exchange,
and isotope scrambling: Tools to aid compound identification in ‘omics mixtures. Hossein Maleki, Megan
Maurer, Nima Ronaghi, and Stephen J. Valentine. Anal. Chem., 2017, 89 (12), pp 6399–6407.

3.1. Introduction
Analysis of compounds in complex mixtures encounter numerous problems
resulting from different molecular masses, concentrations, polarities, and molecular
structures.1-3 Analysis techniques used to characterize compounds in complex mixtures
include a diverse range of techniques.4, 5 Thorough analyses often require a combination
of different methods which can compromise factors such as speed, selectivity, sensitivity,
and cost. To a great extent the sample complexity is determinant in the instrumentation
method utilized for sample analysis. For example, nuclear magnetic resonance (NMR)
spectroscopy is best suited for the analysis of concentrated species.6-11 Mass
spectrometry (MS) is employed mostly for the characterization of a wide range of
compounds with different polarities and size as well as concentration.2

Another

advantage of MS analysis is the ability to fragment precursor ions. Collision-induced
dissociation (CID) is mostly used for fragmentation of small molecules.12 The
fragmentation patterns are considered fingerprints for the identification of compounds.2,
13, 14

Despite having advantages in terms of sensitivity and compound identification,
direct MS suffers from the competitive ionization phenomenon. Furthermore, it has
difficulty in the characterization of isomeric and isobaric species. Therefore, coupling MS
with separation techniques is required to improve compound characterization. Liquid
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chromatography (LC), gas chromatography (GC), and ion mobility spectrometry (IMS) are
mostly used in hyphenated methods for this purpose.15-17 Each of these hyphenated
methods have advantages and disadvantages for compound characterization in complex
mixtures. Although LC-MS has potential for the separation of isomeric and isobaric
species with different polarities, it suffers from long analysis times and relatively poor
reproducibility. GC-MS is a technique for the analysis of volatile species and therefore a
derivatization step is required for the analysis of polar compounds before analysis. IMSMS provides significant structural and conformation information.18, 19 Furthermore, it has
been used for the analysis of isomeric and isobaric species.19 That said, IMS-MS is a
post-ionization method and incurs competitive ionization problems.
An IMS drift tube is composed of metal rings separated by insulators.20, 21 The drift
tube is filled with He buffer gas. Ions are guided in the drift tube using a constant electric
field. Separation of ions occurs based on different collision interactions with the buffer
gas. Ions that have more compact structures reach the detector sooner than ions that
have more elongated structures. Coupling IMS to MS provides many advantages
including increased peak capacity.22 IMS-MS enables the separation of some isomeric
and isobaric species.19 The ion transit time or drift time (tD) of ions obtained from IMS-MS
measurements can be employed to calculate experimental collision cross section (CCS)
values using the Mason-Schamp equation (Equation 1 in the Introduction).20 CCS values
are unique physicochemical characteristics of ions and can be used to aid compound
characterization in complex mixtures. Moreover, in two-dimensional (2D) plots of m/z vs
tD, different classes of compounds fall into distinct regions.18 For example, classes of
lipids fall into specific regions in 2D plots based on their distinct headgroups.
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Gas-phase hydrogen/deuterium (HDX) coupled to MS (HDX-MS) is usually used
for conformational analysis of proteins but it is also used for the analysis of small molecule
structure.23-28 Gas-phase HDX can be coupled to IMS-MS to enhance compound
characterization in complex mixtures.29 During the reaction, deuterium atoms can
exchange with labile hydrogen atoms resulting in an increase in the m/z of the ions.
Exchange proceeds via a relay mechanism in which a hydrogen-bonded intermediate
forms between the charge site, another basic site, and D2O.30, 31 Thus, HDX profiles are
dependent on the proximity of charge sites to basic sites resulting from different
conformational forms of ions. It has been previously demonstrated that HDX profiles for
peptides depends to some degree on their amino acid sequence.32 Another important
factor affecting HDX profiles is the partial pressure of the reagent gas. Therefore, isotopic
distributions (HDX profiles) of ions can be very distinctive due to differences in reaction
kinetics. This demonstrates that although IMS-HDX-MS has been employed for
conformational studies of peptides and proteins29, the technique has potential for small
molecule characterization in complex mixtures. The idea is to compare HDX profiles and
CCS values of unknown compounds in such mixtures with the equivalent parameters of
standard compounds. In order to compare datasets, the robustness of the measurements
must be established. Pressure control may be the most challenging part for generating
reproducible data for IMS-HDX-MS experiments.
Hydrogen/deuterium (HD) scrambling can occur upon increasing the internal
energy of ions through energizing collissions.33,

34

Thus, hydrogen sites that are less

exposed to D2O can exchange for deuteriums. Ultimately, this generates more
exchangeable sites where, the overall deuterium uptake level can increase after HD
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scrambling experiments if reagent gas is present. Therefore, collisional activation in the
drift tube can be employed as another analytical method for compound characterization
in complex mixtures. Notably, studies suggest that HD scrambling on peptide ions
depends on the amino acid sequence33, 35, 36 and the identity of charge carrier.35, 37, 38
In the current work, the combination of gas-phase HDX and HD scrambling with
IMS-MS is used to investigate the potential for characterizing of compounds in complex
mixtures. Different classes of compounds were studied and their HDX behavior is
reported. For application of these techniques in the routine analysis of compounds, the
reproducibility of separate measurements must be high. Numerous reproducibility
measurements have been performed to evaluate the analytical power of the method.
Lastly, the power of this technique is evaluated for compound identification efforts in a
bovine heart extract sample.

3.2. Experimental
3.2.1. Materials
Dopamine hydrochloride (99%, AK Scientific), guanosine (99%, Acros Organics),
acetaminophen (98%, Sigma Aldrich), alanine (98%, Alfa Aesar) were purchased and
used without further purification. LC-MS grade water, acetonitrile, formic acid, acetic acid,
D2O (99.9% D), ammonium bicarbonate (≥ 99.5%), urea (ACS reagent grade), ubiquitin
(bovine, 98.0%), pepsin (porcine, ≥2,500 units/mg protein) were purchased from SigmaAldrich (St. Louis, MO). The peptides bradykinin (≥95.0%) and substance P (≥95.0%)
were purchased from GenScript (Piscataway, NJ). Synthetic peptide KKDDDDDIIKKII
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(KKD peptide, 94.1%) was also purchased from GenScript. Bovine heart extract was
purchased from Lipid Avanti, Inc.
3.2.2. Sample Preparation
A 1.0 mg/mL solution of Ubiquitin was made by dissolving the protein in ultra pure
water (18 megohm) followed by subsequent acidification and then was acidified using
acetic acid (0.1 M) to a PH of ~2.8. Pepsin was added to the protein solution to a final
concentration of 0.33 mg/mL. Protein digestion was performed at 37 °C for 60 minutes.
Acetonitrile and acetic acid were then added to the protein solution such that the final ESI
solution composition was 1:1 water:acetonitrile with 1% acetic acid. The sample was
loaded into a gas tight syringe. The syringe was placed into a syringe pump and the
sample was infused at 300 nL/min through the electrospray needle which is biased at
+2000 V relative to the desolvation region entrance. A mixture of the peptide standards
was made in 1:1 water: acetonitrile with 0.1% (v/v) acetic acid. The concentration of
peptides were 45 µg/mL (bradykinin and substance P) and 450 µg/mL (KKD). Dopamine,
guanosine, acetaminophen, and alanine standard samples were made by dissolving 10
mg of each metabolite in methanol and ACN (1:1 v/v) to a final volume of 100 mL (0.1
mg/mL). Acetic acid (1%) was used to enhance the ionization of these compounds. A lipid
working solution was prepared by mixing 250 mL of methylene chloride, 250 mL of
methanol, and 5 mL of ammonium acetate solution. The bovine heart extract was
prepared by diluting 400 μL of bovine heart extract with 3600 μL of lipid working solution.
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3.2.3. Data Collection Method
A home-built, dual-gate IMS device coupled to a thermo LTQ Velos mass
spectrometer (Thermo Fisher, San Jose, CA) was used for data collection.21 A total of 3
sample sets were collected for sequential and random drift time analyses. For random
drift time data collection, the delay times between initiation and selection gates were
randomized (For example, 6.2 ms, 5.2 ms, 4.8 ms, etc.). For sequential collection
datasets, the delay times were stepped through entire drift time range. The collection of
random and sequential datasets was also randomized resulting in triplicated analysis for
both types. Random selections were achieved using the pseudo random number
generator in the Excel software (Microsoft, Washington). For reproducibility experiments,
~2.60 Torr of the buffer gas was used.
For all HDX experiments partial pressures of ~2.50 and ~0.02 Torr were used for
He and D2O, respectively. A constant temperature of 35°C was applied to tube
transferring D2O to the drift tube to avoid condensation. This prevents errors in
measurements resulting from pressure fluctuations. Very little D2O is used under these
conditions. Drift time reproducibility using the ubiquitin digest samples subjected to HDX
was obtained using the random delay selection process. Three trials were collected. No
drift time selection was used in the HDX reproducibility studies of the model peptides. In
all, for each HDX and HD scrambling experiments a total of 6 replicates were performed.
To perform the reproducibility experiments, the voltage on the drift tube was turned off
and drift tube gases were removed between each replicate. The drift tube partial
pressures were returned to the same values using constant leak valve settings (Granville
Phillips, MKS Instruments, Andover, MA). The buffer gas temperature was determined

70

using a thermocouple attached to the stainless steel plate through which the buffer gas
is introduced; notably, gentle heating of D2O introduction lines to prevent condensation
did not measurably change the temperature. The buffer gas pressure was measured
using a capacitance manometer.
IMS-MS measurements provide drift time (tD), m/z, and intensity values for different
ions. Two-dimensional (2D) contour plots of m/z vs tD were generated using the DPlot
software (v. 2.3.5.3, HydeSoft Computing, LLC; Vicksburg, MS, USA). tD and m/z datasets
corresponding to ubiquitin digest peptide ions were compared to examine the
reproducibility in drift time. Coefficients of variation (CVs) associated with tD values were
calculated for several dataset features associated with ubiquitin digest peptide ions.
HDX reproducibility in the absence and in the presence of HD scrambling was
determined for the peptide mixture containing three model peptides without tD selection.
HD scrambling experiments were performed by accelerating ions in the last drift tube
region (~0.1 m from drift tube exit). Consequently, HDX was carried out in this drift tube
region. In all, six replicates were collected for these model peptide mixture. Isotopic
distribution reproducibility determinations were made for digest peptides presented above
and small-molecule metabolites.

3.3. Results and Discussion
3.3.1. HDX and HD Scrambling for Distinguishing Molecules
As discussed previously, implementation of new analytical methods to improve the
characterization of isomeric and isobaric compounds is in high demand. In order to use
an additional method for the characterization of compounds in complex mixtures, it should
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probe a specific but separate physicochemical property of the molecule or ion. Regarding
gas-phase HDX, the physicochemical property is structure as related to the positions of
charge sites and exchange sites as well as their surface accessibility. Therefore,
molecules with different orientations of charge sites and basic sites are expected to
demonstrate different HDX patterns. Figure 3.1 demonstrates HDX patterns of 3 peptide
ions present in the model peptide mixture. For example, for [M+3H]3+ bradykinin ions, ~6
deuteriums are incorporated (Figure 3.1A). In comparison, for the [M+3H]3+ ions of
substance P, little to no deuterium (~1) uptake is observed as shown in Figure 3.1B.
Lastly, for [M+2H]2+ KKD peptide ions, deuterium uptake is observed to be ~13 (Figure
3.1C).
At the partial pressure setting used in these experiments, it is expected that all
fast-exchanging hydrogens (easily accessible) reach. In order to understand the origin of
differences in deuterium uptake, the numbers of exchangeable hydrogens for these
peptides were considered. The number of exchangeable hydrogens for triply-charged
bradykinin, triply-charged substance P, and doubly-charged KKD peptide ions are 20, 25,
and 30, respectively.
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Figure 3.1. Different deuterium uptake patterns for model peptide ions. A) [M+3H]3+ bradykinin ions. B)
[M+3H]3+ substance P ions. C) [M+2H]2+ KKD peptide ions. The black line is the isotopic distribution in the
absence of D2O and the blue line is the isotopic distribution in the presence of D 2O.

Even though these ions have nearly the same number of exchangeable
hydrogens, they demonstrate significant differences in deuterium incorporation levels.
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Presumably this is due to differences in exchange site accessibility to basic sites and the
accessibility to collisions with D2O. In summary, doubly-charged KKD peptide ions
demonstrate the much higher HDX efficiency than triply-charged substance P and
bradykinin ions. This results despite the fact that the former ions have fewer reaction
centers.
Another method that can be used to further characterize molecules in complex
mixtures is induced HD scrambling followed by HDX. As described above HD scrambling
can be explained in the context of “mobile proton” model.32 Briefly, collisional activation
of ions leads to intramolecular proton transfer events and the deuteriums can also be
mobilized. Therefore, less accessible hydrogens can exchange with deuteriums during
the scrambling process thereby generating newly exchangeable hydrogen for further
exchange. Therefore, it should be possible to observe more deuterium uptake after HD
scrambling. Figure 3.2 shows the HDX profiles for the same peptides represented in
Figure 3.1 after HD scrambling and further HDX in the drift tube. As shown in Figure 3.2,
all peptide ions gain mass after HD scrambling. For doubly-charged KKD peptide ions,
more deuterium uptake is observed than for the triply-charged substance P and
bradykinin ions upon HD scrambling.
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Figure 3.2. Different deuterium uptake patterns for model peptides after HDX and HD scrambling with D2O
added to the drift tube after ion activation. A) [M+3H]3+ bradykinin ions. B) [M+3H]3+ substance P ions. C)
[M+2H]2+ KKD peptide ions. The black line is the isotopic distribution in the presence of D2O and the blue
line is the isotopic distribution in the presence of D2O and ion activation.
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3.3.2. Application of HDX and Scrambling Experiments for Metabolite Analysis
The application of HDX and scrambling experiments were extended to smallmolecule metabolite samples in order to demonstrate the universality of these techniques
for complex mixture analysis. Figure 3.3A, 3.3C, 3.3E and 3.3G present the isotopic
distributions for alanine, guanosine, dopamine, and acetaminophen, respectively after
being subjected to gas-phase HDX in the drift tube. Figure 3.3B, 3.3D, 3.3F, and 3.3H
show the isotopic distributions after collisional activation of the same ions in the drift tube.
The molecular structures of these ions and recorded reduced mobilities are presented in
Table 3.1.
Table 3.1. Structures of metabolite compounds used for the IMS-HDX-MS experiments and their reduced
mobilities.

a
b

Structureb

Reduced
Mobilityc

Name

m/za

Alanine

90.1

8.84 X 10-4

Acetaminophen

152.2

7.8 X 10-4

Dopamine

154.2

7.99 X 10-4

Guanosine

284.2

5.76 X 10-4

Nominal m/z associated with the monoisotopic peak for the respective compound
Molecular structure obtained from ChemDraw freeware
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Figure 3.3. Isotopic distributions of precursor ions of A) alanine, C) guanosine, E) dopamine, and G)
acetaminophen. Distributions for mobility selected ions in the presence of He only and He and D 2O are
shown as blue and orange traces, respectively. Panels B, D, F, and H show the isotopic distributions (green
traces) for the respective molecular ions obtained after collisional activation in the drift tube.

[M+H]+ alanine ions have a nominal m/z value of 90. As demonstrated in Figure
3.3A, these ions incorporate ~1.3 deuteriums, on average. This is evident from the fact
the ions with a nominal m/z of 91 are the most abundant ions. Upon collisional activation
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of the ions in the drift tube, increased deuterium incorporation is evident by the fact that
ions of nominal m/z 92 are in equal abundance to those of m/z 91. The average deuterium
incorporation increases to 1.7 deuteriums. As with the peptide ions, the isotopic patterns
are extremely reproducible using the evaporative introduction system; average RMSD
values are 1.1% and 1.6% for the precursor and activated ions, respectively.
The behavior of alanine ions can be contrasted with that of [M+H]+ guanosine ions.
Guanosine has 7 exchangeable hydrogens. Protonated guanosine ions have a nominal
m/z value of 284. Upon introduction of D2O in the drift tube, the isotopic distribution of
these ions shows a high intensity peak at m/z 285 as shown in Figure 3.3B. Figure 3.3D,
shows that after activation of the ions, the peak at m/z 285 remains the most abundant
peak. Indeed the isotopic distributions for the mobility-selected ions are nearly identical.
On average, the deuterium incorporation is ~1.0 for the precursor and the collisionallyactivated ions. As with the other ions presented in this study, the reproducibility of the
HDX measurements is high; average RMSD values for the isotopic distribution
comparisons of the precursor and activated ions are 0.7% and 1.5%, respectively.
[M+H]+ dopamine ions have a nominal m/z value of 154. As demonstrated in Figure
3.3E, these ions do not undergo appreciable exchange upon introduction of D2O reagent
gas to the drift tube. Additionally, after collisional activation in the drift tube, the dopamine
ions do not significantly increase the level of deuterium incorporation (Figure 3.3F).
Indeed, using the average mass difference computed from the isotopic distributions, no
deuteriums are incorporated for the precursor ions and the collisionally activated ions.
The average RMSD value for the isotopic distribution comparisons are 1.1% and 0.5%
for the precursor and activated ions, respectively.
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Finally, Figure 3.3G and 3.3H present the HDX behavior of [M+H]+ acetaminophen
ions. The ions have a nominal m/z value of 152 and contain up to 3 exchangeable
hydrogens. As shown in Figure 3.3G, with the addition of D2O to the drift tube, the
dominant feature has a nominal m/z value of 153 with an increase in features of m/z 154
and 155. After activation of the ions, the higher m/z peaks slightly increase in relative
intensity within the isotopic distribution. For isotopic distribution comparisons, average
RMSD values of 1.2% and 1.0% are obtained for the precursor and activated ions,
respectively. The data indicate that acetaminophen ions uptake ~2.3 deuteriums with the
introduction of D2O and that the uptake increases with ion activation. Overall, Figure 3.3
shows different, distinguishing HDX behavior for the various ions.
3.3.3. Drift Time Reproducibility after HDX Experiments
The matching of ion drift times in He and in He/D2O buffer mixtures can be used
as another analytical tool for ion assignments in ‘omics mixtures. Therefore, high
reproducibility of these measurements is desired. One question that arises is whether
gating order affects the reproducibility of collected data. In order to answer this question,
drift times were collected by sequentially or randomly stepping through He buffer gas as
described in the Methods Section. Three replicates of each type of acquisition were
obtained for a peptide digest of ubiquitin. The average CVs for sixteen peptide ion peaks
is determined to be 0.52 ± 0.11% and 0.33 ± 0.23% for random and sequential data
collection, respectively. Two-dimensional tD vs m/z contour plots for the 16 peptide ions
are shown in Figure 3.4 and Figure 3.5 for random and sequential data collections,
respectively. The identities of some of peptide ions and their respective drift times are
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also provided in Table 3.2 and Table 3.3 for random and sequential data collections,
respectively.
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Figure 3.4. Two dimensional (2D) drift time, m/z plots for triplicate measurements of a ubiquitin digest
mixture. The data were recorded for conditions employing He buffer gas and random mobility selection.
Several dataset features are indicated by numbers and correspond to the assigned ions in Table 3.2.
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Table 3.2. Drift times for assigned peptide ions from experimental runs employing random mobility
selection.

Peptide Ion a

m /z b

Run 1c

Run 2c

Run 3c

Averaged

CVe

[QRLIFAGKQ+3H] 3+

354.58

6.96

7.01

6.93

6.97

0.58

374.27

8.25

8.30

8.22

8.26

0.49

375.77

6.91

6.97

6.90

6.93

0.55

[NIQ+H]

+

[HLVLRL+2H]

2+
2+

[GIPPDQQ+2H]
377.75
6.33 ions recorded
6.39
6.35a random6.36
Table
3.2. Drift times for
ubiquitin peptide
using
drift time selection0.48
process. The
2+ He.
buffer
gas
was
[KIQDKE+2H]
380.72
6.20
6.25
6.20
6.22
0.46
[VLRLRGG+2H] 2+

385.77

6.94

6.98

6.92

6.95

0.44

2+

388.75

6.07

6.11

6.10

6.09

0.34

391.24

8.46

8.55

8.43

8.48

0.74

392.28

7.11

7.07

7.05

7.08

0.43

394.92

6.46

6.50

6.46

6.47

0.36

414.25

6.49

6.56

6.52

6.52

0.54

416.26

8.51

8.56

8.47

8.51

0.53

431.33

9.07

9.16

9.08

9.10

0.54

466.79

7.61

7.70

7.60

7.64

0.72

481.34

9.42

9.49

9.40

9.44

0.50

500.40

10.62

10.73

10.60

10.65

0.66

[IFAGKQL+2H]
[DKE+H]

+

[VKTLTGKTITL+3H]
[NIQKESTLHL+3H]
[KESTLHL+2H]
[QRL+H]

2+

+

[NVKAA]

+

[NIQKESTL+2H]
+

[HLVL]
[VLRL] +
a

2+

3+

3+

Peptide i on a s s i gnments ba s ed on m/z ma tches to monoi s otopi c pea ks a nd cha rge (obtai ned from i s otopi c di s trbution)

b

Experi mental m /z va l ues for monoi s otopi c pea ks from the 2D da tas ets

c

Ion dri ft times i n ms a s obtai ned from 2D da tas et centroi ds for the a s s i gned i ons

d

Avera ge i on dri ft times i n ms for the three experi mental runs

e

Coeffi ci ents of va ri a tion for the dri ft times expres s ed a s a percentage
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Figure 3.5. Two dimensional (2D) drift time, m/z plots for triplicate measurements of a ubiquitin digest
mixture. The data were recorded for conditions employing He buffer gas and sequential mobility selection.
Several dataset features are indicated by numbers and correspond to the assigned ions in Table 3.3.
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Table 3.3. Drift times for ubiquitin peptide ions recorded using a sequential drift time selection process.
The buffer gas was He.

Peptide Ion a

m /z b

Run 1c

Run 2c

Run 3c

Averaged

CVe

[QRLIFAGKQ+3H] 3+

354.58

7.00

6.96

6.99

6.98

0.30

374.27

8.26

8.23

8.20

8.22

0.26

375.77

6.93

6.91

6.91

6.91

0.00

377.75

6.31

6.35

6.29

6.32

0.67

[NIQ+H]

+

[HLVLRL+2H]

2+

[GIPPDQQ+2H]
[KIQDKE+2H]

2+

380.72

6.23

6.20

6.18

6.19

0.23

2+

385.77

6.98

6.93

6.91

6.92

0.20

2+

388.75

6.07

6.00

6.06

6.03

0.70

391.24

8.47

8.40

8.50

8.45

0.84

392.28

7.08

7.07

7.08

7.08

0.10

394.92

6.50

6.48

6.46

6.47

0.22

414.25

6.51

6.50

6.47

6.49

0.33

416.26

8.53

8.46

8.51

8.49

0.42

431.33

9.08

9.03

9.08

9.06

0.39

466.79

7.68

7.65

7.67

7.66

0.18

481.34

9.44

9.40

9.43

9.42

0.23

500.40

10.68

10.70

10.66

10.68

0.26

[VLRLRGG+2H]
[IFAGKQL+2H]
[DKE+H]

2+

+

[VKTLTGKTITL+3H]
[NIQKESTLHL+3H]
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[QRL+H]

2+

+

[NVKAA]

+

[NIQKESTL+2H]
+

[HLVL]
[VLRL] +
a

2+

3+

3+

Peptide i on a s s i gnments ba s ed on m/z ma tches to monoi s otopi c pea ks a nd cha rge (obtai ned from i s otopi c di s trbution)

b

Experi mental m /z va l ues for monoi s otopi c pea ks from the 2D da tas ets

c

Ion dri ft times i n ms a s obtai ned from 2D da tas et centroi ds for the a s s i gned i ons

d

Avera ge i on dri ft times i n ms for the three experi mental runs

e

Coeffi ci ents of va ri a tion for the dri ft times expres s ed a s a percentage

It can be argued that variation in buffer gas pressure for the mixture of He and D2O
is more prone to error due to the relatively small amount of D2O used in these experiments
(compared to the He buffer gas). Therefore, small fluctuations in partial pressure of D2O
gas may lead to significant errors for drift time measurements. The following experiments
were performed in order to study reproducibility of drift time values in a mixture of He and
D2O buffer gas. Figure 3.6 shows the drift time run-to-run variability for the ubiquitin digest
peptide ions after experiencing HDX. Dataset features for nine [M+H]+, [M+2H]2+, and
[M+3H]3+ ions show very little difference in drift time (Figure 3.6A). Consider the CV for
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peak 9 (Figure 3.6A) which has been assigned to the peptide ion [VKTLTGKTITL+3H] 3+.
The CV value is 0.36% across all three replicates (Figure 3.6B).
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Figure 3.6. IMS-MS plots of two ubiquitin digest trials (A) demonstrating the run-to-run reproducibility for
ion from a complex mixture upon addition of D2O to reagent gas. Panel B shows CV values for assigned
peptide ions. CV values are provided for dataset features tentatively identified as 1- QRLIFAGKQ+3H]3+;
2- [NIQ+H]+; 3- [HLVLRL+2H]2+; 4- [GIPPDQQ+2H]2+; 5- [KIQDKE+2H]2+; 6- [VLRLRGG+2H]2+; 7[IFAGKQL+2H]2+; 8- [DKE+H]+; 9- [VKTLTGKTITL+3H]3+ ions as labeled in (B).

Labeled dataset features examined in the drift time distributions. An average CV of 0.55
± 0.20% (Figure 3.6) was found. Overall, for the reproducibility of IMS experiments which
uses a dopant gas still a high reproducibility range was achieved associated with mobility
measurements.
3.3.4. Isotopic Distribution Reproducibility in HDX Experiments
The reproducibility of HDX patterns can be tested via comparisons of RMSD
values for combined spectral features. To perform these experiments, special attention
was given to maintaining the partial pressures of constituent buffer gases. To challenge
the reproducibility of each measurement, D2O gas was removed for each trial and then
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leaked back into the drift tube to reach to the same partial pressure. This was performed
for six replicates. For all observable ions the RMSDs were all found to be less than 1%
(see Figures 3.7 and 3.8).

Figure 3.7. Isotopic distributions for [M+2H]2+ KKD (A), [M+2H]2+ substance P (B), and [M+3H]3+ bradykinin
(C) peptide ions. Six replicate analyses were performed for the RMSD calculations. RMSD values were
less than 1% for these isotopic distributions.
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Figure 3.8. Isotopic distributions for [M+3H]3+ KKD (A), [M+3H]3+ substance P (B), and [M+4H]4+ KKD (C)
peptide ions. Six replicate analyses were performed for the RMSD calculations. RMSD values were less
than 1% for these isotopic distributions.

To consider achievable reproducibility for a peptide mixture upon using mobility
selection, isotopic RMSDs have been calculated for the ubiquitin digest ions (Figure 3.4
and 3.5). For example, mobility extraction of the features associated with [DKE+H]+,
[VLRLRGG+2H]2+, and [QRLIFAGKQ+3H]3+ peptide ions, provides isotopic distribution
RMSD values that are all below 1.5%. Thus high reproducibility is still achieved even for
mobility-selected features with the lower intensity. That said, it is instructive to study the
RMSD changes at different concentrations because the concentration profile for
compounds in complex mixtures varies significantly. Notably, the RMSD increases for
lower intensity species such as the [HLVLRL+2H]2+ peptide ions yielding a value of
~2.5%; these ions have an abundance that is 20 fold less than the [VLRLRGG+2H]2+
ions. However, this data also shows that the isotopic comparisons can be used even at
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lower concentrations for compound identification due to the unique shift in molecular
masses of ions after deuterium incorporation. Finally, the degradation of RMSD values
with drift window location is reported. For the [VLRLRGG+2H] 2+ ions, at 10% height of
the drift time peak apex, the RMSD value increases by a factor of 3.
3.3.5. Mass Spectral Reproducibility after Isotope Scrambling Followed by HDX
Experiments were performed on the model peptide mixture in order to study the
reproducibility of HDX experiments after HD scrambling. As before, significant care was
given to maintain a constant partial pressure for D2O reagent gas. The isotopic distribution
RMSDs for the 6 HD scrambling trials for model peptide ions were less than 1%. These
distributions are provided in Figures 3.9 and 3.10.
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Figure 3.9. Isotopic distributions for [M+2H]2+ KKD (A), [M+2H]2+ substance P (B), and [M+3H]3+ bradykinin
(C) peptide ions. These data were recorded under conditions in which the ions were collisionally activated
to induce increased deuterium incorporation. Six replicate analyses were performed for the RMSD
calculations. RMSD values were less than 1% for these isotopic distributions.
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Figure 3.10. Isotopic distributions for [M+3H]3+ KKD (A), [M+3H]3+ substance P (B), and [M+4H]4+ KKD (C)
peptide ions. These data were recorded under conditions in which the ions were collisionally activated to
induce increased deuterium incorporation. Six replicate analyses were performed for the RMSD
calculations. RMSD values were less than 1% for these isotopic distributions.

3.3.6. HDX Behavior to Aid Compound Identification
As a final proof-of-principle demonstration of the use of HDX behavior in compound
identification efforts, the isotopic distributions of [M+H]+ alanine ions and bovine heart
metabolite extract ions of the same nominal m/z value (90) and similar mobility (9.1×10-4
m2∙V-1∙s-1, see also Table 3.1) are compared. Figure 3.11 shows the isotopic distributions
obtained for the ions having nominal m/z 90 from the bovine heart extract. Upon
introduction of D2O to the drift tube, similar isotopic distributions for these ions and the
alanine ions are observed. A possible exception is the presence of a feature at m/z 90
(ions that do not undergo HDX) for the unknown compound in the metabolite extract
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(Figure 3.11A). The most noticeable difference in HDX behavior is observed for the
activated ions for which alanine shows an increase in deuterium incorporation (Figure
3.3B) while no similar increase is observed for the heart extract ions (Figure 3.11B).
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Figure 3.11. Isotopic distributions of precursor ions having nominal m/z 90 obtained from a bovine heart
extract. Panel A shows distributions for ions in the presence of He only and He and D 2O as blue and
orange traces, respectively. Panel B shows the isotopic distribution (green trace) for these ions obtained
after collisional activation in the drift tube.

Considering the reproducibility of the measurements as described above, this
would be an indication that such ions from the metabolite extract could not be assigned
to the amino acid alanine. This assessment is supported by ion fragmentation
experiments showing different fragmentation patterns for the mobility-selected ions
(Figure 3.12). Although the above example shows an approach in which a false positive
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assignment is identified, with a database of sufficient size (i.e., one containing the
metabolite), assignment confirmation may be achieved by matching all of the new
measurement parameters.

Figure 3.12. CID spectra for alanine at A) 15 NCE and B) 25 NCE. CID spectra for a feature with nominal
m/z value of 90 within the bovine heart metabolite extract sample at C) 15 NCE and D) 25 NCE.

90

3.4. Conclusions
These experiments provide a proof-of-concept method for fuller characterization
of compounds within complex mixtures. The method encompasses the usage of IMS
measurements coupled with HDX and HD scrambling. To employ this for routine analysis,
a library of IMS and HDX data must be generated for standard compounds. The promise
is that comparisons of HDX profiles of unknown compounds in complex mixtures with
HDX profiles of standard compounds can provide information about the identities of
mixture components. Furthermore, it is instructive to briefly examine a potentially
significant advantage of the IMS-HDX-MS approach. Over the years, significant effort
has been exerted to develop analytical region prediction tools based on biomolecular ion
structure. These include methods for predicting ion-neutral collision cross sections,39-41
and the gas-phase HDX behavior of specific ions.30, 42-45 In the context of comparative
‘omics, the ability to predict ion-neutral collision cross sections for small molecules could
be beneficial for species for which no measurements are available 41 such as newly
emerging synthetic drugs and their metabolites or newly discovered neuropeptides.
Adding the ability to predict isotopic distributions upon HDX may significantly enhance the
ion distinguishing capabilities of such an approach.43 Notably, significant work to build
out and utilize ion-neutral collision cross section and HDX databases as well as to
construct predictive algorithms would be required to avail such an approach and this is a
focus of future research efforts. Because of the extremely high reproducibility of the
approach, it may be possible to incorporate HDX database searching into ‘omics
workflows in much the same way that GC-MS employs small-molecule databases.

91

3.5.References
1.
Kotera, M.; McDonald, A. G.; Boyce, S.; Tipton, K. F., Functional Group and Substructure Searching
as a Tool in Metabolomics. Plos One 2008, 3 (2).
2.
Dettmer, K.; Aronov, P. A.; Hammock, B. D., Mass spectrometry-based metabolomics. Mass
Spectrometry Reviews 2007, 26 (1), 51-78.
3.
Mirnaghi, F. S.; Caudy, A. A., Challenges of analyzing different classes of metabolites by a single
analytical method. Bioanalysis 2014, 6 (24), 3393-3416.
4.
Alonso, R.; Marsal, S.; Julia, a., Analytical Methods in Untargeted Metabolomics: State of the Art
in 2015. 2015; Vol. 3: 23.
5.
Griffiths, W. J.; Koal, T.; Wang, Y. Q.; Kohl, M.; Enot, D. P.; Deigner, H. P., Targeted Metabolomics
for Biomarker Discovery. Angewandte Chemie-International Edition 2010, 49 (32), 5426-5445.
6.
Guleria, A.; Pratap, A.; Dubey, D.; Rawat, A.; Chaurasia, S.; Sukesh, E.; Phatak, S.; Ajmani, S.;
Kumar, U.; Khetrapal, C. L.; Bacon, P.; Misra, R.; Kumar, D., NMR based serum metabolomics reveals a
distinctive signature in patients with Lupus Nephritis. Scientific Reports 2016, 6.
7.
Li, B. Q.; Xu, M. L.; Wang, X.; Zhai, H. L.; Chen, J.; Liu, J. J., An approach to the simultaneous
quantitative analysis of metabolites in table wines by H-1 NMR self-constructed three-dimensional
spectra. Food Chemistry 2017, 216, 52-59.
8.
Moutloatse, G. P.; Bunders, M. J.; van Reenen, M.; Mason, S.; Kuijpers, T. W.; Engelke, U. F. H.;
Wevers, R. A.; Reinecke, C. J., Metabolic risks at birth of neonates exposed in utero to HIV-antiretroviral
therapy relative to unexposed neonates: an NMR metabolomics study of cord blood. Metabolomics 2016,
12 (11).
9.
Picone, G.; Savorani, F.; Trimigno, A.; Mezzetti, B.; Capozzi, F.; Engelsen, S. B., Metabolic changes
of genetically engineered grapes (Vitis vinifera L.) studied by H-1-NMR, metabolite heatmaps and iPLS.
Metabolomics 2016, 12 (10).
10.
Ullrich, S. F.; Averesch, N. J. H.; Castellanos, L.; Choi, Y. H.; Rothauer, A.; Kayser, O., Discrimination
of wild types and hybrids of Duboisia myoporoides and Duboisia leichhardtii at different growth stages
using H-1 NMR-based metabolite profiling and tropane alkaloids-targeted HPLC-MS analysis.
Phytochemistry 2016, 131, 44-56.
11.
Nicholson, J. K.; Lindon, J. C.; Holmes, E., 'Metabonomics': understanding the metabolic responses
of living systems to pathophysiological stimuli via multivariate statistical analysis of biological NMR
spectroscopic data. Xenobiotica 1999, 29 (11), 1181-1189.
12.
Hayes, R. N.; Gross, M. L., Collision-induced dissociation. Methods in Enzymology 1990, 193, 237–
263.
13.
Johnson, A. R.; Carlson, E. E., Collision-Induced Dissociation Mass Spectrometry: A Powerful Tool
for Natural Product Structure Elucidation. Analytical Chemistry 2015, 87 (21), 10668-10678.
14.
Ashline, D. J.; Yu, Y.; Lasanajak, Y.; Song, X. Z.; Hu, L. Y.; Ramani, S.; Prasad, V.; Estes, M. K.;
Cummings, R. D.; Smith, D. F.; Reinhold, V. N., Structural Characterization by Multistage Mass
Spectrometry (MSn) of Human Milk Glycans Recognized by Human Rotaviruses. Molecular & Cellular
Proteomics 2014, 13 (11), 2961-2974.
15.
t'Kindt, R.; Van Bocxlaer, J., LC-MS BASED METABOLOMICS. 2009; p 39-73.
16.
Garcia, A.; Barbas, C., Gas Chromatography-Mass Spectrometry (GC-MS)-Based Metabolomics.
Metabolic Profiling: Methods and Protocols 2011, 708, 191-204.
17.
Astarita, G.; Paglia, G.; Yu, K., Ion-Mobility Mass Spectrometry in Metabolomics and Lipidomics.
Lc Gc Europe 2015, 28 (9), 520-+.
18.
May, J. C.; Goodwin, C. R.; Lareau, N. M.; Leaptrot, K. L.; Morris, C. B.; Kurulugama, R. T.; Mordehai,
A.; Klein, C.; Barry, W.; Darland, E.; Overney, G.; Imatani, K.; Stafford, G. C.; Fjeldsted, J. C.; McLean, J. A.,
Conformational Ordering of Biomolecules in the Gas Phase: Nitrogen Collision Cross Sections Measured

92

on a Prototype High Resolution Drift Tube Ion Mobility-Mass Spectrometer. Analytical Chemistry 2014, 86
(4), 2107-2116.
19.
Maleki, H.; Kondalaji, S. G.; Khakinejad, M.; Valentine, S. J., Structural Assignments of SulfurContaining Compounds in Crude Oil Using Ion Mobility Spectrometry-Mass Spectrometry. Energy & Fuels
2016, 30 (11), 9150-9161.
20.
Mason, E. A.; McDaniel, E. W., Transport properties of ions in gases. Wiley-VCH; 99 edition: New
York, 1988.
21.
Donohoe, G. C.; Maleki, H.; Arndt, J. R.; Khakinejad, M.; Yi, J. H.; McBride, C.; Nurkiewicz, T. R.;
Valentine, S. J., A New Ion Mobility-Linear Ion Trap Instrument for Complex Mixture Analysis. Anal. Chem.
2014, 86 (16), 8121-8128.
22.
Valentine, S. J.; Counterman, A. E.; Hoaglund, C. S.; Reilly, J. P.; Clemmer, D. E., Gas-phase
separations of protease digests. Journal of the American Society for Mass Spectrometry 1998, 9 (11), 12131216.
23.
Winger, B. E.; Lightwahl, K. J.; Rockwood, A. L.; Smith, R. D., PROBING QUALITATIVE
CONFORMATION DIFFERENCES OF MULTIPLY PROTONATED GAS-PHASE PROTEINS VIA H/D ISOTOPIC
EXCHANGE WITH D2O. Journal of the American Chemical Society 1992, 114 (14), 5897-5898.
24.
Freitas, M. A.; Hendrickson, C. L.; Emmett, M. R.; Marshall, A. G., Gas-phase bovine ubiquitin
cation conformations resolved by gas-phase hydrogen/deuterium exchange rate and extent. International
Journal of Mass Spectrometry 1999, 185, 565-575.
25.
Evans, S. E.; Lueck, N.; Marzluff, E. M., Gas phase hydrogen/deuterium exchange of proteins in an
ion trap mass spectrometer. International Journal of Mass Spectrometry 2003, 222 (1-3), 175-187.
26.
Chipuk, J. E.; Brodbelt, J. S., Investigation of the gas-phase hydrogen/deuterium exchange
behavior of aromatic dicarboxylic acids in a quadrupole ion trap. International Journal of Mass
Spectrometry 2007, 267 (1-3), 98-108.
27.
Robinson, J. M.; Greig, M. J.; Griffey, R. H.; Mohan, V.; Laude, D. A., Hydrogen/deuterium exchange
of nucleotides in the gas phase. Analytical Chemistry 1998, 70 (17), 3566-3571.
28.
Freitas, M. A.; Shi, S. D. H.; Hendrickson, C. L.; Marshall, A. G., Gas-phase RNA and DNA ions. 1.
H/D exchange of the M-H (-) anions of nucleoside 5 '-monophosphates (GMP, dGMP, AMP, dAMP, CMP,
dCMP, UMP, dTMP), ribose 5-monophosphate, and 2-deoxyribose 5-monophosphate with D2O and D2S.
Journal of the American Chemical Society 1998, 120 (39), 10187-10193.
29.
Valentine, S. J.; Clemmer, D. E., H/D exchange levels of shape-resolved cytochrome c conformers
in the gas phase. Journal of the American Chemical Society 1997, 119 (15), 3558-3566.
30.
Wyttenbach, T.; Bowers, M. T., Gas phase conformations of biological molecules: The
hydrogen/deuterium exchange mechanism. Journal of the American Society for Mass Spectrometry 1999,
10 (1), 9-14.
31.
Campbell, S.; Rodgers, M. T.; Marzluff, E. M.; Beauchamp, J. L., Deuterium exchange reactions as
a probe of biomolecule structure. Fundamental studies of cas phase H/D exchange reactions of
protonated glycine oligomers with D2O, CD3OD, CD3CO2D, and ND3. Journal of the American Chemical
Society 1995, 117 (51), 12840-12854.
32.
Morgan, C. R., Investigating solution-phase protein structure and dynamics by hydrogen exchange
mass spectrometry. CurrentProtocolsinProteinScience 2009.
33.
Dongre, A. R.; Jones, J. L.; Somogyi, A.; Wysocki, V. H., Influence of peptide composition, gas-phase
basicity, and chemical modification on fragmentation efficiency: Evidence for the mobile proton model.
Journal of the American Chemical Society 1996, 118 (35), 8365-8374.
34.
Bythell, B. J.; Suhai, S.; Somogyi, A.; Paizs, B., Proton-Driven Amide Bond-Cleavage Pathways of
Gas-Phase Peptide Ions Lacking Mobile Protons. Journal of the American Chemical Society 2009, 131 (39),
14057-14065.

93

35.
Demmers, J. A. A.; Rijkers, D. T. S.; Haverkamp, J.; Killian, J. A.; Heck, A. J. R., Factors affecting gasphase deuterium scrambling in peptide ions and their implications for protein structure determination.
Journal of the American Chemical Society 2002, 124 (37), 11191-11198.
36.
Tsaprailis, G.; Nair, H.; Somogyi, Á.; Wysocki, V. H.; Zhong, W.; Futrell, J. H.; Summerfield, S. G.;
Gaskell, S. J., Influence of Secondary Structure on the Fragmentation of Protonated Peptides. Journal of
the American Chemical Society 1999, 121 (22), 5142-5154.
37.
Solouki, T.; Fort, R. C.; Alomary, A.; Fattahi, A., Gas phase hydrogen deuterium exchange reactions
of a model peptide: FT-ICR and computational analyses of metal induced conformational mutations.
Journal of the American Society for Mass Spectrometry 2001, 12 (12), 1272-1285.
38.
Jurchen, J. C.; Cooper, R. E.; Williams, E. R., The role of acidic residues and of sodium ion adduction
on the gas-phase H/D exchange of peptides and peptide dimers. Journal of the American Society for Mass
Spectrometry 2003, 14 (12), 1477-1487.
39.
Valentine, S. J.; Counterman, A. E.; Hoaglund-Hyzer, C. S.; Clemmer, D. E., Intrinsic amino acid size
parameters from a series of 113 lysine-terminated tryptic digest peptide ions. Journal of Physical
Chemistry B 1999, 103 (8), 1203-1207.
40.
Valentine, S. J.; Counterman, A. E.; Clemmer, D. E., A database of 660 peptide ion cross sections:
Use of intrinsic size parameters for bona fide predictions of cross sections. Journal of the American Society
for Mass Spectrometry 1999, 10 (11), 1188-1211.
41.
Valentine, S. J.; Ewing, M. A.; Dilger, J. M.; Glover, M. S.; Geromanos, S.; Hughes, C.; Clemmer, D.
E., Using Ion Mobility Data to Improve Peptide Identification: Intrinsic Amino Acid Size Parameters. Journal
of Proteome Research 2011, 10 (5), 2318-2329.
42.
Valentine, S. J.; Clemmer, D. E., Temperature-dependent H/D exchange of compact and elongated
cytochrome c ions in the gas phase. Journal of the American Society for Mass Spectrometry 2002, 13 (5),
506-517.
43.
Khakinejad, M.; Ghassabi Kondalaji, S.; Tafreshian, A.; Valentine, S. J., Comprehensive Gas-Phase
Peptide Ion Structure Studies Using Ion Mobility Techniques: Part 2. Gas-Phase Hydrogen/Deuterium
Exchange for Ion Population Estimation. Journal of The American Society for Mass Spectrometry 2017, 111.
44.
Khakinejad, M.; Kondalaji, S. G.; Tafreshian, A.; Valentine, S. J., Gas-Phase Hydrogen-Deuterium
Exchange Labeling of Select Peptide Ion Conformer Types: a Per-Residue Kinetics Analysis. J Am Soc Mass
Spectrom 2015.
45.
Khakinejad, M.; Kondalaji, S. G.; Maleki, H.; Arndt, J. R.; Donohoe, G. C.; Valentine, S. J., Combining
ion mobility spectrometry with hydrogen-deuterium exchange and top-down MS for peptide ion structure
analysis. J Am Soc Mass Spectrom 2014, 25 (12), 2103-15.

94

4. Ion Mobility Spectrometry-Mass Spectrometry Coupled with Gas-phase
Hydrogen/Deuterium Exchange for Metabolomics Analyses
Reprinted in part with permission from Journal of American Society for Mass Spectrometry: Ion mobility
spectrometry-mass spectrometry coupled with gas-phase hydrogen/deuterium exchange for metabolomics
analyses. Hossein Maleki, Ahmad K. Karanji, Sandra Majuta, Megan M. Maurer, Stephen J. Valentine.
JASMS.

4.1. Introduction
Comparative metabolomics experiments can provide researchers with vital
information regarding disease processes.1-6 A goal of metabolomics investigations is the
identification of new biomarkers for early disease diagnosis and the monitoring of disease
progression. Biomarker discovery is accomplished through the comparison of identified
metabolite abundances within biological samples (e.g., biofluids and tissues). As an
example of the power of comparative metabolomics, consider that different types of
coronary artery disease (CAD) can be differentiated by unique molecular profiles.2
Understanding the bio-pathways implicated by changes in molecular concentrations as a
function of physiological state may play a crucial role for developing effective treatments.
Therefore, one suggested consequence of the effective metabolomics studies noted
above would be the tailoring of therapeutic strategies for CAD.2
Characterization of metabolomics mixtures presents a number of challenges for
analytical chemists resulting from the physicochemical diversity of metabolites (vis-à-vis
functional groups, molecular structure, and molecular mass),7-9 the existence of
numerous isomers and isobars,8 and the wide range in concentration of endogenous
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metabolites10, 11. Related to the latter characteristic, molecular concentration ranges in
biofluids representing specific physiological states can span more than an order of
magnitude.10,

11

Together these properties present obstacles to high-throughput

comparative metabolomics studies and invite the development of new technologies and
techniques for complex mixture studies.
Ion mobility spectrometry (IMS) is a gas-phase separation technique in which ions
traveling in a pressurized drift tube under the influence of a constant electric field are
separated based on their shape and size.12, 13 IMS-MS offers advantages in sensitivity
by removing signals from low-intensity ions from the interfering signals of higher intensity
species thereby increasing the overall measurement peak capacity.14 This technique also
enables the separation of isomeric and isobaric species realizing some of the advantages
of condensed-phase separations.15-19 It has been proposed that the addition of collision
cross section (CCS) data to metabolomics databases increases the identification
accuracy compared to traditional analytical methods alone. 20 Furthermore, twodimensional (2D) plots of m/z vs tD have shown that different classes of compounds can
be relegated to distinct regions of analytical measurement space.21 For example, classes
of lipids can be easily distinguished from each other based on their occupation of such
regions. Overall, IMS-MS has become an increasingly popular combination for studying
metabolite mixtures.22-31 That said, IMS-MS analysis has two significant limitations for
mixture characterization. IMS is a post-ionization separation step and thus still suffers
from effects associated with competitive ionization.

Additionally, ion mobilities are

strongly correlated with m/z values limiting the overall separation capacity of the IMS-MS
combination.
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More than two decades ago, gas-phase hydrogen/deuterium exchange (HDX)
coupled with MS (HDX-MS) was introduced as a structural analysis tool for protein and
peptide ions.32-34 This work was extended to include the study a wide array of different
molecules.35-41 Shortly later, the approach was combined with IMS to provide shape and
reactivity information for biological ions.42, 43 More recently, with the development of nonergodic ion fragmentation techniques, IMS-HDX-MS was used to determine the relative
deuterium uptake in a site-specific manner for peptide ions.44, 45 From such studies, a
question that has arisen is whether or not HDX profiles can be availed to aid in the
characterization of complex mixtures of small molecules.
In a recent article, the usage of gas-phase HDX in combination with ion mobility
techniques was proposed as a means for compound identification in ‘omics mixtures.46
The work described various IMS-HDX measurements that could serve as unique
identifiers for different molecular species and demonstrated the necessary robustness to
be implemented in ‘omics workflows. In order to be useful as a predictive tool, the
physicochemical properties of small molecules affecting HDX must be clearly elucidated.
This work presents initial efforts to map such properties. Additionally, an example of how
the approach would be used to aid identification of compounds in ‘omics mixtures is
presented. Through these proof-of-principle studies, the utility of IMS-HDX-MS for
metabolite identification is further explored.
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4.2. Experimental Section
4.2.1. Sample Preparation
Hydroxyproline, adenine, leucine, isoleucine homocysteine, glutamine, lysine,
dopamine, sucrose and acetaminophen were purchased from Sigma Aldrich (St. Louis,
MO) and used without further purification. The Avanti lipid mixture and the bovine heart
extract were purchased from Lipid Avanti Inc. Methanol, acetonitrile (ACN), methylene
chloride, ammonium acetate and glacial acetic acid (HCOOH) were also purchased from
Sigma-Aldrich (St. Louis, MO). Tables 4.1 and 4.2 show the molecular structures of the
compounds used in this study.
A number of single standard and mixture sample solutions were prepared to
assess the HDX reactivities of a wide range of sample types both with respect to size and
composition. Small-molecule mixture consisted of one containing lysine, acetaminophen,
and dopamine while a second solution contained all metabolites. For the mixtures and
the single standards mentioned above, the concentration of the molecules was 0.01
mg/mL in methanol:acetonitrile (1:1). Acetic acid (1%) was added to enhance compound
ionization. For preparation of the sucrose standard solution, 10 mg of standard was
dissolved in 10 mL of water:acetonitrile (50:50) solution. Ammonium hydroxide (1%) was
added to aid compound ionization.
In the study of lipids, two lipid mixture solutions were analyzed as well as the
bovine heart extract. A lipid working solution was first prepared by mixing 250 mL of
methylene chloride, 250 mL of methanol, and 5 mL of ammonium acetate solution (1 M
solution prepared by dissolving 1.54 grams of ammonium acetate in 20 mL of methanol).
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Table 4.1. Structures of small-molecule standards.

a
b

Name

m/za

Hydroxyproline

132.1

Leucine

132.2

Isoleucine

132.2

Adenine

136.1

Homocysteine

136.2

Glutamine

147.2

Lysine

147.2

Acetaminophen

152.2

Dopamine

154.2

Sucrose

341.3

Structureb

m/z recorded for each ion
Molecular structure drawn by the ChemDraw freeware
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Table 4.2. Structures of lipid standards.

Name

m/za

Adductb

15:0 Lyso PC

482.3

(M+H)

07:0 PC (DHPC)

482.3

(M+H)

522.4

(M+H)

544.4

(M+Na)

564.6

(M+H)

586.6

(M+Na)

14:1 PE

632.5

(M+H)

(Δ9-Cis) PC
(14:1/14:1)

674.6

(M+H)

(Δ9-Trans) PC
(14:1/14:1)

674.6

(M+H)

729.7

(M+H)

751.7

(M+Na)

907.9

(M+Na)

18:1 Lyso PC

Structurec

18:1 Ceramide

18:1 SM

18:1 TG

a

m/z recorded for each ion
observed for each ion
c
Molecular structure drawn by the ChemDraw freeware
b Adduct

The first lipid standard mixture was prepared by transferring 400 μL of Avanti lipid
mix solution to a 20 mL glass vial and adding 3.6 mL of lipid working solution. The second
lipid standard mixture contained the isobars 15:0 Lyso PC and 07:0 PC (DHPC). For this
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sample, 0.1 mg/mL of each standard solution was prepared by dissolving 1 mg of each
standard at 10 mL of lipid working solution. Isobaric lipid mixture was prepared by adding
1000 μL of two lipid standard solutions. The bovine heart extract was prepared by using
400 μL of bovine heart extract and adding 3.6 mL of lipid working solution.
4.2.2. Instrumentation
For mobility measurements, an instrument consisting of a home-built drift tube
coupled to a linear ion trap (LTQ Velos) mass spectrometer was used.

The

instrumentation has been described in detail elsewhere.47 Briefly, samples were infused
(400 nL/min) through a pulled-tip capillary which was biased at ±2000 V relative to the
entrance of a desolvation region. The desolvation region houses an ion funnel trap 48, 49
where ions are stored and periodically (frequency of 50 Hz) released into the drift tube.
Here ions separate under the influence of a constant electric field (10 V/cm). The drift
tube contains He (300 K) at ~2.5 Torr. For HDX experiments, partial pressures of ~0.02
and ~0.04 Torr of D2O were added to the He buffer gas via evaporation through a variable
leak valve. The experiments for the metabolite standard, the lipid standard, and the
bovine heart extract sample were performed in positive ESI mode. For the sucrose
sample, experiments were performed in negative ion mode. CID experiments were
performed by isolating a precursor ion with a m/z isolation window of ±1.0 Da relative to
the centroid m/z value. Selected ions were fragmented using a normalized activation
energy of 35.
Drift time (tD)-resolved mass spectra were created with the application of a gating
pulse to a Tyndall gate at the back of the drift tube. This gating pulse was delayed with
respect to the ion introduction pulse setting the tD of each mass spectrum. The delay was
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scanned across the entire tD range using a step size of 0.2 ms. Each mass spectrum was
converted to a text file and in-house software was used to assemble a 3-column array file
containing tD, m/z, and intensity (i) values. The DPlot software suite (HydeSoft Computing,
Vicksburg, Mississippi) was used for the generation of 2D plots of m/z and tD values.
Using 2D tD, m/z plots as a guide, in house software was used to extract tD-resolved
isotopic distributions for individual dataset features.
Experimental collision cross sections (Ω) were calculated using the following
expression:13

Ω=

(18𝜋)1/2
16

𝑧𝑒
(𝑘𝐵

𝑇)1/2

[

1
𝑚𝑖

+

1
𝑚𝑏

]

𝑡𝐷 𝐸 760
𝐿

𝑇

1

𝑃 273.2 𝑁

(1).

where ze is the charge of the ion, E is the electric field strength, T is the temperature of
the buffer gas, kb is Boltzmann’s constant, and mi and mb are the masses of the ion and
the buffer gas, respectively. L is the length of the drift tube, P is the pressure of the buffer
gas, and N is the number density of the buffer gas at STP.
4.3. Simulated Annealing and HDX Kinetics Modeling
Sucrose ions having two different deprotonation sites were generated using the
Avogadro software suite. Sites of deprotonation were -OH3 and -OH6 moieties (on the
fructose monomer) as shown in Figure 4.1. Both ions were subjected to simulated
annealing using the NAMD software suite. To accomplish this, the ions were heated
instantaneously to 1000 K, maintained at 1000 K for 40 ps, and cooled to 50 K over 40
ps. The 50 K structures were then energy-minimized and the resulting structures was
saved for CCS calculation. Here we note that all experimental measurements were
recorded using a constant-field drift tube (DT) while employing helium (He) as a buffer
gas. Therefore, using the standard nomenclature, cross section values (experimental
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and theoretical) are referred to as

DTCCS

He.

This same structure served as the starting

point for the next round of simulated annealing. This was performed for 1000 cycles to
generate 1000 candidate structures.

DTCCS
He

values were computed for all structures

using the trajectory method in the MOBCAL software.50, 51 One structure from each charge
site configuration having a

DTCCS

He

value near that observed experimentally was

selected for HDX kinetics modeling.
A)

B)

OH1

OH7
OH6
OH4
OH5

OH3
OH2

OH1

Figure 4.1. [M-H]- sucrose ion conformers obtained from simulated annealing (see manuscript for details).
A) Conformer with a deprotonated oxygen that is surrounded by four –OH groups. B) Conformer with a
deprotonated oxygen that is surrounded by only one –OH group.

HDX kinetics were modeled using a modified hydrogen accessibility scoring (HAS)
approach.52 Briefly, the contribution of each heteroatom site to the ion’s measured HDX
rate was scaled according to two factors. The first factor was the distance of the site to
the charge site in which values scaled according to inverse distance. Using these values,
all heteroatom sites were then normalized to provide fractional contribution to the overall
HDX rate. Next, because distance alone does not describe accessibility, a blocking factor
was used to scale each of the HDX rate contribution scores. The blocking factor was
considered based on whether or not the charge site could access the exchange site via
molecular motion as well as whether or not the exchange site was involved in significant
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intramolecular hydrogen bonding. After scaling the individual contributions to HDX rate,
the HDX process was modeled for each conformer using an approach described
previously.52

The theoretical isotopic distributions were then calculated for the two

different ion conformer types.
The best-fit isotopic distribution obtained from contributions by both conformer
types was computed using a pseudo Monte Carlo approach. Here, random, fractional
contributions from both theoretical isotopic distributions were evaluated in an iterative
manner. The fit did not improve after 1×105 iterations. The in house software then
provided the contribution by each conformer type to the best-fit isotopic distribution.

4.4. Results and Discussion
4.4.1. Compound Specific HDX Behavior
To serve as a unique compound identifier, an analytical technique must yield a
measurement that is orthogonal to any combined measurements.

That is, the new

measurement must not exhibit significant correlation to other measurements. To
demonstrate such a feature for HDX with respect to ion mobility measurements consider
the deuterium uptake of [M+H]+ acetaminophen, dopamine, and lysine ions as shown in
Figure 4.2. These ions were selected to demonstrate variable reactivities for species of
relatively similar molecular weight. Additionally, because isotopic distributions tend to
broaden upon HDX, acetaminophen and dopamine being of more similar molecular
weight offer a test case for resolution of ion signatures. DTCCSHe values for these ions are
provided in Table 4.3. Upon introduction of ~0.02 Torr of D2O into the drift tube, the major
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isotopologue peaks demonstrate an incorporation of 6, 1, and 0 deuteriums for lysine,

m/z

acetaminophen, and dopamine, respectively.
155

155

154

154

153

153

152

152

151

151

150

150

149

149

148

148

147

147

146

146

145

145
3.5

3.75

4.0

4.25

4.5

4.75

drift time (ms)

4.75

5.0

5.25

5.5

5.75

6.0

drift time (ms)

Figure 4.2. Shows 2D plots of m/z vs tD for a mixture of lysine, acetaminophen, and dopamine A) in the
absence of D2O reagent gas and B) in the presence of D2O reagent gas. Structures of ions associated to
peaks shown with white arrows.

Considering the limited number of heteroatom hydrogens for many small-molecule
metabolites, a question of utility arises. That is, if many compounds of similar mass have
only 2 exchangeable hydrogens, how can such an approach be useful? To show utility
requires a brief discussion of ion populations and HDX kinetics. The mechanism of HDX
requires the formation of a long-lived reaction intermediate involving the charge site and
a less basic site on the molecule.43,

53

Therefore, the ion structure and the atomic

composition dictate the rate of HDX of the ions and thus the amount of incorporated
deuterium. It might be expected then that the rates of exchange are nearly as diverse as
the compound types encountered in the mixture. Indeed such variability in HDX behavior
is demonstrated in Figure 4.2. For these ions as well as others examined in this study,
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different physical attributes result in unique isotopic distributions with characteristic
intensities for the M+0, M+1, M+2, etc. isotopologue peaks.

Table 4.3. Experimental DTCCSHe values calculated for the molecular standards.

Name

m/za

Adductb

Hydroxyproline
Leucine
Isoleucine
Adenine
Homocysteine
Glutamine
Lysine
Acetaminophen
Dopamine
Sucrose
15:0 Lyso PC
07:0 PC (DHPC)

132.1
132.2
132.2
136.1
136.2
147.2
147.2
152.2
154.2
341.3
482.3
482.3
522.4
544.4
564.6
586.6
632.5
674.6
674.6
729.7
751.7
907.9

(M+H)
(M+H)
(M+H)
(M+H)
(M+H)
(M+H)
(M+H)
(M+H)
(M+H)
(M-H)
(M+H)
(M+H)
(M+H)
(M+Na)
(M+H)
(M+Na)
(M+H)
(M+H)
(M+H)
(M+H)
(M+Na)
(M+Na)

18:1 Lyso PC
18:1 Ceramide
14:1 PE
(Δ9-Cis) PC (14:1/14:1)
(Δ9-Trans) PC (14:1/14:1)
18:1 SM
18:1 TG

Experimental
DTCCS c
He
58.2
64.3
64.1
57.4
61.2
67.6
64.8
69.2
70.8
112.4
156.8
155.1
170.3
172.0
194.2
196.5
185.4/193.0d
196.1
195.6
220.9
222.4
269.7

a

m/z recorded for each ion
observed for each ion
c Experimental DTCCS
He values calculated from the measured tD values
d DTCCS
He values reported for the two observed conformers belonging to ions of m/z 632.5
b Adduct

Because of differences in rates of exchange, the ions may also exhibit unique HDX
behavior at different partial pressure settings of D2O. Figure 4.3 shows the HDX behavior
of mobility-selected ions at D2O partial pressures of ~0.02 and ~0.04 Torr. Upon addition
of ~0.02 Torr D2O, mobility-selected [M+H]+ hydroxyproline ions exhibit an isotopic
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distribution in which the M+1 peak is the dominant feature and the M+0 peak is largely
absent (Figure 4.3A). With the same partial pressure of D2O, [M+H]+ 18:1 Lyso PC ions
produce an isotopic distribution in which the M+0 peak is yet the dominant feature with a
nearly equivalent amount of the M+1 peak (Figure 4.3C). The M+3 peak is ~30% of the
height of the M+1 peak. Upon increasing the D2O partial pressure to ~0.04 Torr, the
isotopic features for the singly-charged hydroxyproline do not change in relative intensity
(Figure 4.3B). At this same partial pressure setting, the singly-charged ions of 18:1 Lyso
PC produce an isotopic distribution in which the most intense feature is the M+2 peak and
the M+3 peak is also a major (~30%) constituent (Figure 4.3D).
Other ions show isotopic distributions that are more similar at the two different
partial pressure settings. For example, [M+H]+ 14:1 PE and M+ 18:1 SM ions show similar
isotopic patterns upon introduction of 0.02 Torr of D2O. For each, the major peak is the
M+0 peak; however, for both ion types, there is a noticeable – but similar – increase in
the M+1 peak (Figures 4.3E and 4.3G). After increasing the partial pressure of D2O to
~0.04 Torr, both ion types show isotopic distributions in which the M+1, M+2, and M+3
peaks are major constituents. Uniquely for the 14:1 PE ions, the M+4 peak is the dominant
feature. Such a bimodal distribution could be indicative of the HDX behavior of different
conformer types.34 Indeed, in the He buffer gas, two conformers are resolved (Figure
4.4). However, these conformers are not resolved in the He:D2O mix. That said, even for
slowly-exchanging conformer types, the 14:1 PE and the 18:1 SM ions show some
difference. For example the M+3 peak shows a greater relative intensity for the former
ions compared to the latter ions.
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Figure 4.3. Isotopic distributions obtained using a D2O partial pressure of ~0.02 Torr for A) [M+H]+
hydroxyproline ions, C) M+ 18:1 Lyso PC ions, E) [M+H]+ 14:1 PE ions, and G) M+ 18:1 SM ions. Isotopic
distributions obtained using a D 2O partial pressure of ~0.04 Torr for B) [M+H]+ hydroxyproline ions, D) M+
18:1 Lyso PC ions, F) [M+H]+ 14:1 PE ions, and H) M+ 18:1 SM ions. Solid lines show the distribution
obtained in the absence of D2O and the dashed lines show the isotopic distribution with the addition of the
respective partial pressure of D2O to the drift tube buffer gas.
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Figure 4.4. Drift time distribution for [M+H]+ 14:1 PE ions. Two conformers associated with these ions are
partially resolved. See Table 1 in the manuscript for CCS values for the conformers.

4.4.2. Distinguishing Isobaric Ions
Considering the implementation of IMS-HDX with a low-resolution mass
spectrometer, it is necessary that isobaric ions exhibit differences in HDX uptake. To
provide examples of differences in HDX behavior for isobaric ions, data have been
recorded for [M+H]+ adenine, homocysteine, lysine, and glutamine ions as shown in
Figure 4.5. The adenine and homocysteine ions have the same nominal m/z value of
136. Upon addition of D2O (~0.04 Torr) to the drift tube, a portion of the adenine ions
undergo HDX producing a bimodal distribution in which the dominant peaks in the isotopic
distribution become the M+0 and M+2 peaks (Figure 4.5A). In contrast, for homocysteine
ions the dominant peak in the isotopic distribution becomes the M+1 peak (Figure 4.5B).
As mentioned above, lysine ions undergo significant HDX with the M+6 peak being the
dominant feature in the isotopic distribution (Figure 4.5C). In contrast, for glutamine ions
the dominant peak in the isotopic distribution becomes the M+1 peak (Figure 4.5D).
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Figure 4.5. Isotopic distributions for [M+H]+ A) adenine and B) homocysteine ions and for [M+H]+ C) lysine
and D) glutamine ions. Solid lines show the distribution obtained in the absence of D 2O and the dashed
lines show the isotopic distribution with the addition of ~0.04 Torr D 2O to the drift tube buffer gas.

Figures 2, 3, and 5 present results for which the major isotopic peaks at specific tD
values could be used to distinguish different ions. Higher molecular weight species can
present a greater challenge especially as the isotopic distribution becomes broader.
Figure 4.6 shows mobility-selected isotopic distributions obtained upon HDX experiments
for a two-component lipid mixture. The mixture contains the lipid isobars having a nominal
m/z of 482. From the compound structures in Table 4.2 it is evident that the maximum
number of exchangeable hydrogens for 15:0 Lyso PC and 07:0 PC (DHPC) are 2 and 1,
respectively. For comparison, the isotopic distributions obtained from HDX experiments
of the separate isobaric lipids are shown in Figure 4.7. The [M+H]+ ions yield

DTCCS

He

values of 155.3 Å2 and 156.9 Å2 (Table 4.3) and are not resolved in the mobility
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measurement in which He or He and D2O buffer gas is used.

However, for HDX

experiments, clear differences in isotopic distributions are observed at select drift times.
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Figure 4.6. Isotopic distributions for a mixture of two isobaric lipids (15:0 Lyso PC and 07:0 PC (DHPC)) at
tD selections of A) 10.8-11.0, B) 11.2-11.4, and C) 11.4-11.6. The solid lines demonstrates isotopic patterns
after deuterium addition.
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Figure 4.7. Isotopic distributions obtained for A) 07:0 PC (DHPC) and B) 15:0 Lyso PC.

As shown in Figure 4.6, the M+1 isotopologue peak is the major feature observed
at a drift time selection of 10.8-11.0 ms. At 11.2-11.4 ms, the M+2 isotopologue peak is
of nearly equal abundance while at 11-4-11.6 ms it becomes the dominant feature in the
distribution. This change in the distribution is consistent with a mobility selection that is
dominated by 07:0 PC (DHPC) ions at shorter tD values and then becomes dominated by
the 15:0 Lyso PC at longer times. Admittedly, the HDX approach is of limited value for
isomeric lipid ions (as well as small-molecule isomers) having the same cross section
such as [M+H]+ (Δ9-Trans) PC (14:1/14:1) and (Δ9-Cis) PC (14:1/14:1) ions as shown in
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Figure 4.8 and Figure 4.9. This is somewhat expected as the head group is identical for
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this species and the ions under HDX for the same amount of time.
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Figure 4.8. Isotopic distributions obtained for A) Leucine and B) Isoleucine.
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Figure 4.9. Isotopic distributions obtained for A) (Δ9-Cis) PC (14:1/14:1) and B) (Δ9-Trans) PC (14:1/14:1).

4.4.3. HDX Behavior of Lipid Ions
The M+ and [M+H]+ lipid ions (Table 4.2) also display unique HDX behavior as
shown in Figure 4.10. In summary, ions produce isotopic distributions in which M+1, M+2,
or M+3 peaks are the dominant species. For example, the 18:1 Lyso PC ions produce
an isotopic distribution in which the M+2 peak is the dominant peak upon introduction of
~0.04 Torr of D2O (Figure 4.10A). The M+3 peak is also present with a relative intensity
113

of ~30%. In comparison, the 18:1 Ceramide ions yield a broader isotopic distribution
where the M+3 peak is the dominant feature (Figure 4.10B). M+1, M+2, and M+4 peaks
also comprise the distribution having relative intensities of 16%, 45%, and 35%,
respectively.
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Figure 4.10. Isotopic distributions for the A) M+ 18:1 Lyso PC, B) [M+H]+ 18:1 Ceramide, C) [M+H]+ 14:1
PE, D) M+ 14:1 PC, and E) M+ 18:1 SM ions. Solid lines show the distribution obtained in the absence of
D2O and the dashed lines show the isotopic distribution with the addition of ~0.04 Torr D 2O to the drift tube
buffer gas.
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With the addition of ~0.04 Torr D2O, the 14:1 PE, PC (14:1/14:1), and 18:1 SM
ions all display isotopic distributions having dominant M+1 peaks. As mentioned above,
the 14:1 PE ions also produce a large M+4 peak and the bimodal distribution may result
from two different ion conformer types that are mobility resolved in He buffer gas (Figure
4.4). For the purposes of comparison to the other lipids, the discussion here is focused
on the lower m/z features. A comparison of the isotopic distributions of these ions shows
differences in the relative intensities of the M+2 and M+3 peaks. For the former ions, the
relative intensities are 58% (Figure 4.10C), 42% (Figure 4.10D), and 70% (Figure 4.10E)
for the 14:1 PE, PC (14:1/14:1), and 18:1 SM ions, respectively. For the M+3 peaks the
respective intensities are 37%, 9%, and 22%. A question that arises is whether or not
such differences are significant; that is, can such differences be used to obtain reliable
identifications?

Extensive experiments have shown that such disparity in isotopic

distributions is significant as run-to-run comparisons yield root mean square displacement
values of <1.5%.46 Finally, it is noted that no deuterium uptake is observed for the
sodiated form of the lipids as shown in Figure 4.11. This can be explained by the fact that
the sodium cannot participate in the hydrogen-bonded intermediate of the relay
mechanism.54

115

220

Scaled Intensity (arbitrary units)

1200

A)

1000

B)
170

800

120

600

400

70

200

20
0

540

542

544

546

548

Scaled Intensity (arbitrary units)

581

550

583

585

587

589

591

-30
108

420
370

D)

C)
88

320
270

68

220
48

170
120

28

70

8

20

-30691

693

695

697

699

701

746

-12

748

750

752

754

756

Scaled Intensity (arbitrary units)

130

E)

110
90
70
50
30
10
-10902

904

906

908

910

912

m/z

Figure 4.11. Isotopic distributions obtained for the sodiated lipids including: A) 18:1 Lyso PC; B) 18:1
Ceramide; C) PC (14:1/14:1); D) 18:1 SM; and, E) 18:1 TG lipids. Solid lines show the isotopic distribution
in the absence of D2O and dashed lines show the isotopic distribution with the addition of ~0.04 Torr D 2O.

4.4.4. Structural Explanations for HDX Behavior
Significant effort has been exerted to develop collision cross section databases for
small molecules.31, 55-58 It has been proposed that such databases could find utility in ion
identification either through direct matching of ion mobilities or through the locating of an
ion’s mobility to an analytical region that is associated with a family of compounds.21, 59
Previously, it was proposed that matching of isotopic distributions could be used in this
fashion where comparisons would be made to database compounds. 46 One potential
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advantage of ion mobility techniques is that, to some degree, measurement predictions
are accessible for unknown compounds. Such approaches range from the consideration
of substituent contributions to mobility to the use of powerful quantum mechanics and
molecular mechanics approaches to obtain structures for cross section calculation
check.60-62 Adding to the capability of HDX prediction to an IMS prediction method could
provide a powerful tool for the identification of unknown compounds.
In order to develop predictive tools for HDX behavior, it is important to elucidate
the factors governing the reaction process. Because the HDX mechanism requires the
formation of a long-lived reaction intermediate involving the charge site and a less basic
site that are both accessible to collisions with D2O43, 53, it is important to first consider
elements of compound structure that favor or disfavor intermediate formation to explain
ion reaction behavior. As described above, [M+H]+ dopamine ions do not undergo HDX
even at the highest partial pressure settings of D2O (Figure 4.2). This is observed despite
the fact that such ions have 5 heteroatom hydrogens. From the molecular structure
(Table 4.1), it can be argued that exchange does not occur because D2O cannot hydrogen
bond at the charge site and a less basic hydroxyl as these substituents are located
distantly across the aromatic ring from the charge site. Thus, the relay mechanism is not
operable and HDX is not achieved. In contrast, the flexibility of the side chain of the lysine
ions permits the positioning of the charge in relative proximity of a less basic site (e.g.,
carbonyl) such that HDX proceeds efficiently (Figure 4.2B). The incorporation of 1
deuterium for the [M+H]+ acetaminophen ions would then require increased access of the
less basic site to the charge site despite being located across the aromatic ring. In this
case the charge site is closer to the less basic site compared with the dopamine ions.
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For singly-charged adenine ions, there are 4 heteroatom hydrogens.

Upon

addition of ~0.04 Torr of D2O, a bimodal distribution is produced where one dominant
feature in the isotopic distribution is the M+0 peak and the other is the M+2 peak (Figure
4.5A).

It is possible that the bimodal distribution results from two different charge

arrangements - one in which the charge resides on the primary amine and the other in
which it resides on the aromatic ring shown in Table 4.1. The lack of exchange of all 4
hydrogens in both isotopic distributions can be ascribed to the fact that the heteroatom
hydrogens are relatively distant to one another. Singly-charged glutamine ions have 6
heteroatom hydrogens. These ions exhibit a relatively small degree of HDX as shown in
Figure 4.5D. Because the heteroatom hydrogens reside at the end of the side chain and
the N- and C-termini, the data suggest that these ions are less flexible in that the side
chain does not approach the other heteroatom sites as efficiently as is observed for lysine.
Providing a rationale for HDX behavior of homocysteine ions based on compound
structure (Table 4.1) is more challenging. These ions have 5 heteroatom hydrogens and
the dominant feature in the isotopic distribution is the M+1 peak. Considering that the
charge would reside at the amino terminus and thus present significant redundancy in
exchangeable hydrogens, the low level of exchange suggests accessibility of the side
chain or C-terminal hydrogen alone.
For the lipids, the 18:1 Lyso PC ions have 2 heteroatom sites. The isotopic
distribution shows nearly complete exchange with the M+2 peak being the dominant
feature. This can be reasoned by the fact that both sites are near less basic sites onto
which the deuterium can be shuttled via the relay mechanism. The 18:1 Ceramide ions
have 4 heteroatom hydrogens and the dominant feature in the isotopic distribution is the

118

M+3 peak. Additionally, the presence of significant M+1 and M+2 peaks indicates lower
HDX efficiency. Assuming that the charge resides at the secondary amine, the HDX
behavior can be explained by less accessibility of the terminal hydroxyl group to the less
basic carbonyl site for example. Here the carbonyl site would serve as the less basic site
onto which the deuterium is originally shuttled via the relay mechanism. For the 14:1 PE
ions, there are 4 heteroatom hydrogens.

The isotopic distribution is bimodal with

dominant features corresponding to the M+1 and M+4 peaks. The latter must arise from
an ion conformer type in which the protonated primary amine has access to a less basic
site allowing transfer of the incorporated deuterium back to the charge site.

The

conformer type leading to the M+1 peak being the dominant feature must necessarily
allow less access of the terminal amine to a less basic site. Again it is noted that two
conformer types are resolved by IMS alone. (Figure 4.4) The 14:1 PC ions have only 1
heteroatom hydrogen which exchanges efficiently; the M+1 peak is the dominant feature.
This is similar to the high-efficiency exchange of the phosphate hydrogen for the 18:1
Lyso PC ions suggesting facile formation of the reaction intermediate at the site of the
phosphate group. Finally, the 18:1 SM ions have 4 heteroatom hydrogens. Overall, the
HDX efficiency of some sites is low as the isotopic distribution is dominated by the M+1
peak with the M+2 peak contributing to the distribution as well. In this case it is possible
that the secondary amine – which is not protonated for these ions – and the hydroxyl
group are less accessible to either the formation of the reaction intermediate or to the less
basic site serving as the original site of deuterium incorporation.
The HDX behavior of the ions shown in here has been described in terms of the
ability of different heteroatom sites to participate in the reaction intermediate involved in
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the relay mechanism or their relative accessibility to the original site of deuterium
incorporation. Thus a cursory examination of the molecular structure represents the
beginning of the development of HDX prediction capability for compounds for which
measurements have not been obtained. That said, although a cursory examination of
compound structure may help to describe the observed reactivity, for certain ions, this
may be more difficult. For example, bimodal distributions coupled with considerations of
exchange site redundancy is used above to suggest the presence of different conformer
types (including charge site configuration).

For some species a clear distinction in

multiple conformer types may not be drawn easily from the isotopic distribution or the
mobility distribution. For example, the differences in m/z range of the isotopic distributions
could suggest that some ion populations are comprised of greater structural heterogeneity
(conformer types).52 That is, as with the bimodal distributions discussed above, it is
possible that different conformer types could give rise to the broad isotopic distribution
observed for the 18:1 Ceramide ions (Figure 4.10).
To consider the effect of multiple, unresolved conformers, [M-H]- sucrose ions have
been studied. Even though these ions exhibit a single conformer type in the mobility
distribution (Table 4.3), a broad isotopic distribution is observed in which the dominant
peaks are the M+0, M+1, M+2, M+3, and M+4 species as illustrated in Figure 4.12. The
presence of lower m/z peaks suggests that at least one sucrose ion conformer type shows
limited access to exchange sites. One explanation could be that different charge site
configurations result in conformers that exhibit varying degrees of accessibility to
exchange sites. Simulated annealing of deprotonated ions produces several conformers
with collision cross sections that match that observed experimentally. Two conformer
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types with different charge sites were selected for HDX modeling (see Methods section
above). Conformer 1 (Figure 4.1A), being deprotonated at the –OH3 site, is charge
solvated by hydroxyl groups at the –OH1, –OH2, –OH4, and –OH5 moieties. Conformer
2 (Figure 4.1B), being deprotonated at the –OH6 site, is solvated by the –OH7 hydroxyl
moiety. Other sites are not easily accessed by the charge site for this conformer as
determined by modified HAS scoring (see experimental section). Using the simulated
isotopic distributions from the two conformers and a pseudo Monte Carlo best-fit
approach, the optimal populations of the two candidate conformers have been computed.
The best-fit isotopic distribution as shown in Figure 4.12 suggests that Conformer types
1 and 2 would contribute best to the overall HDX behavior with a respective 0.63:1 ion
population ratio. That said, the best-fit approach does not accurately capture the intensity
of the M+4 peak. It is possible that other conformer types of lower abundance are present
allowing for increased HDX.
120
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Figure 4.12. Bar graph representing the isotopic distribution for [M-H]- sucrose ions upon addition of ~0.04
Torr D2O showing the relative intensities of the M+0, M+1, M+2, M+3, M+4, and M+5 peaks (red bars). The
blue bars show the best-fit isotopic distribution obtained from the modeled isotopic distributions for in-silico
candidate structures.
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From the analysis above, the range of HDX behavior across metabolite space is
expected to be as diverse as the differences in the types of compound substituents and
their locations in ion structures. It is stressed that even though the same isotopologues
may be the dominant features in the different HDX patterns, their relative intensities can
be significantly different (e.g., Figure 4.10). It is this diversity that offers the opportunity
for using HDX in conjunction with IMS and MS for compound identification. That said, the
magnitude of the challenge in developing predictive HDX tools becomes readily apparent
with this level of diversity as well.

Herculean effort will be required to populate

experimental databases and utilize high-quality in-silico structures to develop such tools.
4.4.5. Proof-of-Principle Application of HDX Data for Compound Identification
It is instructive to consider how the IMS-HDX approach might be used for ‘omics
mixture characterization.

Figure 4.13A shows the isotopic distribution after HDX of an

unknown compound from the bovine heart extract sample. Here the dominant species
are the M+1 ions. There are also significant contributions to the distribution from the M+0
and M+2 ions. This is very similar to the isotopic distribution obtained for the precursor
ions of hydroxyproline. Additionally, the

DTCCS

He

value for the unknown ions is 58.6

which is near that determined for hydroxyproline (Table 4.3). Therefore, based on IMSHDX-MS data alone, a match would be obtained for hydroxyproline.

However, a

comparison of the CID data for the unknown ions and hydroxyproline ions reveals a major
difference as shown in Figure 13C and 13D, respectively. Notably, an intense ion at m/z
90 is present in the fragmentation spectrum for unknown compound in bovine sample.
This ion is completely absent in the fragmentation spectrum of hydroxyproline. Notably,
parallel CID63 with HDX and deuterium scrambling with HDX have been presented
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previously as a means to provide other unique identifiers.46 These methods can also be
implemented without adding significant experimental time to create an IMS-HDX-MS/MS
approach. In that manner, high-throughput analyses could be availed to avoid false
positive assignments.
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Figure 4.13. Isotopic distributions obtained using a D2O partial pressure of ~0.04 Torr for A) selected ions
having a nominal m/z value of 132 in the bovine cardiac extract and B) [M+H] + hydroxyproline.
Fragmentation patterns produced by CID of C) selected ions having a nominal m/z value of 132 in the
bovine cardiac extract and D) [M+H]+ hydroxyproline ions.

In a separate example, a dataset feature from the bovine heart extract is observed
to have a

DTCCS

He

value of 64.1 A2. Upon adding ~0.04 Torr of D2O, the ion produces

an isotopic distribution in which the M+6 peak is the dominant feature (Figure 4.14A).
Indeed the distribution is very similar to that observed for lysine ions (Figure 4.14B).
Additionally, the

DTCCS

He

value matches that determined for singly-charged lysine ions

(Table 4.3). To support such an assignment, the precursor ions from the bovine heart
extract have been isolated and subjected to CID. The dominant fragments are produced
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by the neutral loss of -NH3 and -H2O. Low-intensity fragment ions are observed at m/z
82 and 103. The same dominant and low-intensity fragment ions are produced upon CID
of mobility-selected lysine ions. This analysis would support the assignment of the
unknown ions as lysine ions in the heart extract sample. One advantage to the
assignment of the ions based on the IMS-HDX-MS information alone is that such
information can be obtained from dispersive measurements on very short timescales
(seconds). That is, no ion selection or m/z or mobility scanning is required with currently
available commercial instrumentation.
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Figure 4.14. Isotopic distributions obtained using a D2O partial pressure of ~0.04 Torr for A) selected ions
having a nominal m/z value of 147 in the bovine cardiac extract and B) [M+H] + lysine ions. Fragmentation
patterns produced by CID of C) selected ions having a nominal m/z value of 147 in the bovine cardiac
extract and D) [M+H]+ lysine ions.
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4.5. Conclusions
Proof-of-principle experiments have been conducted to demonstrate the utility of
IMS combined with gas-phase HDX and MS analysis. The work demonstrates that,
despite limited numbers of heteroatom hydrogens on many small molecules, unique
isotopic distributions are produced. Such selectivity results from differences in HDX
kinetics arising from the three-dimensional arrangement of the heteroatoms and charge
sites within the various compounds. Although the wide range of different structural
arrangements offers great opportunity with regard to selectivity, it presents significant
challenges with regard to deciphering the rules governing HDX. Elucidating such rules is
necessary to develop accurate tools for predicting HDX behavior. The value of the ability
to accurately predict HDX behavior cannot be overstated. Such an approach can be
combined with IMS prediction methods
unmeasured compounds.

61, 64

to suggest assignments of heretofore

These could include species such as newly emerging

neuropeptides or drugs of abuse. Therefore, the careful study of the HDX behavior of
numerous database compounds should be a significant pursuit in the future.
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5. Future Directions: Developing New Methods to Improve Compound Identification
in Complex Mixtures

5.1. Construct a Library of CCS Values and HDX Distributions
CCS values can be determined for metabolites and lipids.1, 2 These CCS values
can be employed for the identification of unknown features in ’omics analyses.3 In this
manner, the CCS values of unknown features in complex mixtures can be compared with
CCS values of standards in the library. A CCS is a physicochemical property of different
molecules that depends on numerous factors including the polarity of the molecule, the
number of rings and double bonds the molecule contains, and the structure of the ion.
Therefore, similarity of CCS values can be used as unique identifiers for unknown
features in complex mixtures. The HDX behavior of ions depends on the atomic
composition and structure of the ions. From this work it is shown that isotopic distributions
after HDX can also serve as unique identifier.4
For traditional drift tube IMS-MS instruments, experimental CCS values can be
calculated directly by using drift time values and the Mason-Schamp equation.5
Therefore, a library of experimental CCS values can be constructed for different classes
of biomolecules.1 Although experimental CCS values have been measured for classes of
metabolites, such as lipids, peptides, carbohydrates. Due to the diversity of compounds
in ‘omics mixtures, more measurements are required to institute robust compound search
capabilities. Admittedly, the construction of a database of sufficient size containing both
CCS and HDX information is a herculean effort. Additionally a question arises as to the
universal usage of HDX data. For example, the isotopic distributions are depended on
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reaction kinetics for which some instrumentation may not be able to provide similar
measurement parameters. This is a tremendous challenge. That said, if site-specific
kinetics information is included in the database, HDX behavior can be extrapolated for
different experimental conditions.
5.2. Prediction of CCS Values for Biomolecules Using Intrinsic Size Parameters
The measurement of experimental CCS values is time intensive and expensive.
Although IMS-MS is a powerful method for compound identification using CCS values, its
power is limited by the number of available CCS values. Additionally, many metabolite
compounds are not commercially available which narrows the number of experimental
CCS measurements. Lastly, theoretical CCS determinations using the Mobcal software
Suite is time consuming. Because of these challenges and the potential to identify novel
compounds, many research groups have implemented the application of intrinsic size
parameters to predict CCS values.6-9 The rationale is to find parameters which could
potentially sum to the CCS values of molecules. Valentine and coworkers proposed a
method to predict CCS values of peptides in He buffer gas.6 They considered each amino
acid as having an intrinsic size parameter contributing to the overall ion CCS values. Zhou
and coworkers tried to expand the application of CCS predictions to metabolites. 9 In their
work, 14 common descriptors of metabolites were employed to predict CCS values in N2
buffer gas. A number of these descriptors include accurate mass, the formal charge,
molecular polarizability, the octanol/water partition coefficient, etc. Using their algorithm,
CCS values were predicted for 35,203 metabolites in the Human Metabolome Database
(HMD). Additionally, CCS values for ion adducts in both positive and negative ESI mode
were included. Overall, hypothetical CCS values for 176,015 metabolites were reported.

132

Furthermore, a few researchers have tried to implement artificial neural network (ANN)
analysis for prediction of CCS values.10, 11
Although the work above shows that CCS values were successfully predicted for
peptides in the He buffer gas and for metabolites in the N 2 buffer gas, however, more
extensive work is required to predict CCS values in both He and N2 buffer gas for such a
great number of metabolites and lipids. This is necessary to implement a database search
approach. Furthermore, due to the diversity and complexity of metabolite structures,
modified descriptors are required to improve the accuracy of CCS calculations. One
approach that will be pursued is to major factors governing CCS values. For example, for
larger species, conformer “folding” is expected to play a greater role. In contrast, for
smaller ions, their overall density should be considered. Therefore, factors that scale CCS
according to density (e.g. number of hetero-atoms) could be incorporated and weighted
relations to folding parameters.
5.3. Conformational Analysis of Biomolecules in the Gas-phase: Matching
Theoretical CCS Values with Experimental CCS Profiles
Because specific conformer types of biomolecules may play main role in the
progression of different disease states,12, 13 conformational analysis of biomolecules is a
significant endeavor. Conformational analysis has been reported for peptides and
proteins14.15,

16

However, little has been accomplished for conformational analysis of

metabolites and lipids. These types of analyses are in high demand because lipids have
a major role in the evolution and progression of many diseases.17,

18

The traditional

method for conformational analysis is to perform MD simulations on biomolecules and
then find conformations which match with experimental CCS profiles.19 That said, little
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has been achieved with regard to important efforts such as force field optimization for MD
simulations. For example, HDX can be coupled to CCS measurements to aid
conformational analysis of biomolecules.15 It will be possible to test and optimize MD
simulations. The construction of a large database of CCS values and HDX information
will advance efforts to improve MD simulations.
5.4. Prediction of HDX Patterns for Metabolites and Lipids
The ability to predict isotopic patterns upon HDX would significantly enhance
compound identification in complex mixtures. As demonstrated in this work, HDX profiles
can be generated at different pressures which adds to the power of this method. That
said, generation of experimental HDX profiles for metabolites and lipids is very timeconsuming and expensive. Furthermore, some metabolites and lipids are not
commercially available. Therefore, developing predictive methods for HDX prediction
would be rewarding. Extensive research has been conducted to study factors contributing
to HDX behavior of peptides.16, 20 However, little work has been performed with regard to
the prediction of HDX behavior of metabolites and lipids. For peptides, a hydrogen
accessibility factor (HAS) is employed. In this method, the surface accessibility of labile
hydrogens and the proximity of the charge site to the basic site were considered. HDX
modeling of metabolites and lipids is more challenging because all the hydrogens in the
molecule are exposed to D2O reagent gas. Therefore, surface accessibility cannot be
taken into account for HDX modeling in this case. However, new factors would be
proposed in order to narrow the number of possible conformations. To overcome this
issue, an accessibility factor based on propensity to encounter a charge site due to
dynamics was introduced in this dissertation. This parameter can be explored by
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extensive MD simulations. In summary, finding new factors that can predict HDX
behaviors of metabolites and lipids would be of demand. Additionally, proposing new
parameters can shed light on the conformational analysis of metabolites and lipids.
5.5. Application of HDX Profiles to Assist in Locating the Cis and Trans Double
Bonds in Lipids at Elevated Temperatures
Lipids have major roles in biological processes such as cell membranes and
metabolic pathways.21 Additionally, they are involved in the progression of diseases such
as obesity, diabetes, and cancer. Similar to proteins, the biological function of lipids is
dependent on molecular structure.22 Furthermore, isomeric lipids differing only in the
positioning of C=C on the fatty acyl chain may have unique functional characteristics.23
Therefore, finding new methods to localize the positions of double bonds, number of
double bonds, and cis/trans isomers of lipids is significant. Mass spectrometry combined
with fragmentation methods is the most common technique for lipid analysis.24,

25

However, in many cases, MS/MS data does not provide information about isomeric
species with different positions of double bonds.26 Different hyphenated methods such as
GC-MS have been used to tackle this problem. GC-MS is usually used to provide
assignment of the double bond locations in mono-saturated lipids.27 However, cis/trans
information cannot be gained for GC-MS analysis. Thomas and coworkers used
ozonolysis for localization of double bonds.23 This method provides significant information
about the position of double bonds. However, the procedure is difficult to implement.
Furthermore, the fragmentation patterns are complex.28 It is therefore constructive to
study HDX behavior of isomeric lipids with distinctive positioning of double bonds with a
goal of developing methods for distinguishing ions. The rationale is that cis/trans isomeric
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lipid molecules may generate different HDX profiles. This can be used as a fingerprint for
assignments of cis/trans isomers of lipid number of double bonds in lipids. Future work
will examine HDX behavior at elevated drift tube temperatures as this has been shown to
cause exchange of aliphatic hydrogens.29
5.6. Application of New Fragmentation Techniques Followed by HDX
Fragmentation patterns for molecules that have undergone HDX can provide
invaluable information about the locations of deuterium incorporation. Therefore,
information about functional groups and relative orientation of the charge site to the basic
site can be gained. In the present work, CID fragmentation patterns were studied after
HDX. However, CID can result in ion scrambling as discussed earlier.3 Ion scrambling
can be explained by the theory of the “mobile” proton in which protons transfer between
different sites before ion fragmentation.30 As a result, valuable information about the
location of exchangeable sites may be lost. To alleviate this issue, other fragmentation
techniques such as ETD or charge transfer dissociation (CTD) can be implemented.28, 3133

5.7. Application of Shift Reagents to Improve Characterization of Specific Classes
of Biomolecules in 2D Plots of m/z vs Drift Time
To further improve the separation of metabolites and lipids in complex mixtures,
ion mobility shift reagents may be used.34 A shift reagent is a molecule which forms a
gas-phase complex with an analyte ion. This complex can be formed by non-covalent
interactions. This complex helps improve mixture component separations by altering the
mobilities of the ions arising from a change in their structures.35 The use of shift reagents
can also enhance the overall peak capacity of the characterization method. Increased
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peak capacity means more isomer and isobar compound determinations can be made in
petroleum. Finally, for some analytes there will be a remarkable increase in ionization
efficiency of the analyte/shift reagent complex compared with the analyte alone resulting
in an increase in signal-to-noise (S/N) ratio.36,

37

The stabilization of charge by the

analyte/shift reagent complex is the main factor for increasing S/N in this case.
In 2D IMS-MS data plots several molecular classes can be observed in specific
areas called “conformation space”.36 The space in 2D plots of IMS-MS datasets that a
specific class of molecules like peptides and lipids occupy is called a correlation band.1
After adding shift reagents to analytes, specific classes of molecules can be attached to
these shift reagents and consequently shift to areas outside of the correlation band.
Based on increasing or decreasing the mobility of these complexes, shift reagents are
classified as low-density shift reagents or high-density shift reagents. Crown ethers are
an example of low density shift reagents that shift the mobility above the correlation
band.35 Lanthanide-based shift reagents are an example of high-density shift reagents
that shift the mobility below the correlation band.36 The parameters that should be
considered in choosing a shift reagent for a specific class of molecules involve: the size
of the cavity, soft- and hard-interaction considerations, the number of hydrogen bonds,
and the gas-phase basicity of the hetero-atomic sites in the shift reagent and the analyte
ion, and the pH of the solution. Cryptands are another class of compounds that have the
potential to be used as shift reagents. An interesting property of these molecules is that
they are composed of two rings as opposed to a single ring. This leads to increases in
shift reagent rigidity and enhancement in their selectivity. By changing the cavity size
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(internal portion of the ring structure), it is possible to capture specific molecules. In the
future, Cryptands will be implemented as part of the CCS database search approach.
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